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GENERAL INTRODUCTION 
Maize (Zea mays L.) breeders recognized the relationship between 
genetic diversity among inbred lines and heterosis soon after the early 
inbreeding studies by Shull (1908, 1909). The success of United States 
corn breeders in exploiting heterosis has been spectacular, but 
scientists have concluded that agricultural systems of developed 
countries are characterized by widespread cultivation of a genetic base 
that is relatively narrow and uniform (Simmonds, 1962; Marshall, 1977; 
Timothy and Goodman, 1979). 
The terms "decreasing genetic diversity" and "increasing genetic 
vulnerability" are not synonymous, but both infer the occasional heavy 
losses due to environmental and/or insect and plant pathogen damage 
(Sprague, 1971). One of the best examples of the dangers of genetic 
uniformity occurred in maize. The Southern com leaf blight {Bipolaris 
maydis (Nisik.)) epidemic in 1970 reduced U. S. maize yields by 15% 
(Brown et al., 1975). Thus, since 1970, there has been controversy, 
debate, and study on the subject of genetic diversity/vulnerability in 
major crops (i.e.. Genetic Vulnerability of Major Crops (NAS,1972)). 
One way to alleviate the hazards of similar, future crop disasters 
is to allow farmers to spread environmental and pest related risks by 
providing numerous hybrid genotypes to choose from. The availability of 
few genetically different hybrids would reduce the possibility of risk 
spreading by farmers, would lessen the chances that diverse maize 
growing areas could be profitably planted, and would increase selection 
pressures applied to pathogens. Thus, researchers have attempted to 
quantify the level of diversity among maize germplasm by several 
different methods (Smith et al-, 1987). 
Since 197 0, primarily three methods have been used to measure 
genetic diversity: l) questionnaires surveying the usage of particular 
pedigrees; 2) genetic markers, such as biochemical assays of isozymes 
and zein proteins and restriction fragment length polymorphisms (RFLPs); 
and 3) estimates of the relatedness of hybrids based on observed 
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heterosis of double-cross hybrids compared to the average of the selfed 
single crosses. 
Unfortunately, recent surveys of pedigree usage are not 
informative because proprietary lines have been reported to be used in 
92% of U.S. hybrid production (Darrah and Zuber, 1986) and are 
unavailable for survey purposes. Surveys of the number of hybrids 
available tend to error by overestimating genetic diversity because not 
all hybrids are different. 
Biochemical and molecular marker data are thought to provide a 
more accurate appraisal of genetic diversity, since they allow direct 
comparison among hybrid genotypes (Brown, 197 8; Troyer et al., 1983, 
1988; Smith, 1988; Lee et al., 1989). The primary molecular marker 
system currently in use for establishing genetic diversity among hybrids 
is based on restriction fragment length polymorphism (RFLP) techniques. 
Surveys using RFLP technology to establish hybrid diversity have 
been conducted. Smith and Smith (1991) examined 69 proprietary hybrids 
and nine public/foundation hybrids, selected on the basis of widespread 
use and non-differentiation based isozyme data, with 38 RFLP probes. 
RFLPs were able to discriminate among hybrids that were previously 
indistinguishable. In addition, for hybrids of known pedigree, distances 
between hybrids on the basis of pedigree were highly correlated (r = 
0.91**) with genetic distance based on RFLP analysis. Thus, the authors 
concluded that use of RFLP data provides greater discriminatory power in 
surveys of widely used hybrids. Despite the increased precision of 
differentiation of RFLPs over isozyme and chromatographic data, overall 
results of RFLP genetic diversity surveys by Smith and Smith, (1991) and 
Smith et al. (1992) were similar to previous studies (i.e., 50% of the 
hybrid germplasm was judged unique while the remaining 50% was included 
in 4 to 10 groups closely related to public/foundation hybrids). 
Methods of detecting genetic differences among hybrids using genetic 
markers have improved, but translation from genotype to phenotype will still 
require a testing program for agronomic traits (Smith and Smith, 1989; Smith 
et al., 1989, 1990). Troyer et al. (1983) proposed a new method for evaluating 
the genetic diversity among maize hybrids that uses the positive association 
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between genetic diversity and heterosis and includes the entire portion of the 
hybrid genome affecting a trait. They proposed the following equation for 
detecting differences among hybrids; 
GDV =1- {(H - C)/(H - S)), 
where GDV equals genetic diversity between two hybrids, H equals the 
average performance of the two hybrids being compared, C equals 
performance of the hybrid-by-hybrid cross, and S equals the average 
performance of the selfed hybrids. 
Troyer et al. (1988) discussed the quantitative genetic basis of 
the equation. Assumptions associated with the model include diploid 
inheritance, two alleles per locus, and a linear relationship between 
the coefficient of inbreeding and inbreeding depression (Mayo, 1980; 
Martin and Hallauer, 1976; Good and Hallauer, 1977). under ass;jmptions 
of the model, (H-S) represents the observed inbreeding depression from 
one generation of selfing (inbreeding coefficient = 0.5). (H-C) 
represents the observed inbreeding depression from the hybrid x hybrid 
cross. If F represents the inbreeding coefficient of the cross then (H-
S)/0.5 = (H-C)/F; SO F = 0.5[(H-C)/(H-S)]. Crossing two identical 
hybrids results in the same gene frequency as would selfing them, and 
the inbreeding coefficient, F, equals 0.5. GDV is equal to one in this 
case. Crossing two unrelated hybrids such that the resulting inbreeding 
depression equals zero (F = 0), and GDV, by definition, equals l.O. 
Thus, GD is linearly related to F, GDV = 1-2F, or GDV = 1-((H-C)/(H-S)). 
Comparisons among the ten most widely grown hybrids in Missouri 
and two checks by the method suggested by Troyer et al. (1983) were 
reported by Paszkiewicz et al. (1986). They found that five commercial 
hybrids were closely related. In addition, although several hybrids 
seemed to differ for genetic diversity values, three of the ten 
commercial hybrids did not differ significantly from the check hybrid 
B73 X Mo 17 (Paszkiewicz et al., 1986). 
Troyer et al. (1988) reported using the equation to assess genetic 
diversity within sets of five popular hybrids from DeKalb Pfizer 
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Genetics, Inc. (DK) and Pioneer Hi-Bred International, Inc. (PHI) for 
five traits. The hybrids studied were of similar relative maturities and 
together were estimated to be grown on 33% of the U. S. maize acerage in 
the early 1980's. Average genetic diversity values, based on grain 
yield, within companies was virtually identical with similar ranges of 
values. A second experiment conparing only the most popular hybrid from 
each company showed a diversity value of 0.94, indicating that the 
hybrids were virtually unrelated. The GDV values obtained were 
consistent with the authors' knowledge of the hybrid pedigrees. 
The relationship between pedigree and GDV reported by Troyer et al. 
(1983) was examined by Smith and Smith (1989). Ten hybrids from PHI were 
compared on the basis Wright's or Malecot's coefficient ranging from 
closely related to virtually unrelated by pedigree to GD values. A value of 
= 0.81 was found between inter-hybrid distance calculated from heterosis 
and pedigree data. 
Although both RFLP based genetic distances and GDV seems to 
reflect similar information in comparison with pedigree information, 
only one study has compared the two methods directly. Smith and Smith 
(1992) reported a correlation of r = 0.90** between GD values and RFLP-
based genetic distance when 45 pairs of proprietary hybrids were 
compared. Despite individual strengths and weaknesses of each type of 
estimate, both methods seem to be able to measure genetic diversity 
among proprietary hybrids. 
Previous studies have not reported the potential statistical 
problems associated with GD values. Nor have previous studies reported 
pedigrees for the hybrids being compared. Because previous studies 
compared primarily only proprietary, commercial hybrids, the 
experimental material was probably composed exclusively of Reid Yellow 
Dent by Lancaster Sure Crop-type hybrids. 
Therefore the objectives of this study are 1) to examine the 
response of genetic diversity equation predictions when comparing sets 
of hybrids composed of varying levels of Reid Yellow Dent and Lancaster 
Sure Crop germplasm and common parentage and 2) to examine the 
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relationship of genetic diversity values and RFLP-based genetic distance 
as measured by Nei's distance. 
Explanation of Dissertation Format 
This dissertation is written as two papers with a General 
Introduction, Literature Review, and General Conclusions section. Each 
paper addresses one of the objectives of the overall study- The first 
paper examines the response of genetic diversity equation predictions 
when comparing sets of hybrids composed of varying levels of Reid Yellow 
Dent and Lancaster Sure Crop germplasm and common parentage. The first 
paper is followed by an appendix composed of individual location 
analysis of variance tables for genetic diversity values for grain 
yield, plant height, and ear height. A table of genetic diversity value 
means, calculated on entry means, for root lodging, stalk lodging, 
dropped ears, grain moisture at harvest, days to anthesis, and growing 
degree days to anthesis, is also included in this appendix- The second 
paper concentrates on the relationship of genetic diversity values and 
RFLP-based genetic distance as measured by Nei's distance- The second 
paper is followed by an appendix composed of a table of genetic 
distances among inbred lines used in the study. References cited in the 
General Introduction and General Literature Review are listed in 
"Additional References Cited". 
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LITERATURE REVIEW 
Causes of a Restricted U. S. Hybrid Maize Germplasm Base 
Maize (Zea mays L.) breeders recognized the importance of genetic 
diversity soon after the early inbreeding studies by Shull (1908, 1909) . 
Agricultural systems of developed countries, however, are characterized 
by widespread cultivation of a genetic base that is relatively narrow and 
uniform (Simmonds, 1962; Marshall, 1977; Timothy and Goodman, 1979). The 
United States hybrid maize germplasm base is no exception. 
The reasons for a restricted maize germplasm base are numerous-
Maize is a very diverse species, with more than 130 racial complexes in 
the Western Hemisphere alone {Brown and Goodman, 1977 ; Goodman and Brown, 
1988). Yet, in the U. S., more than 90% of the breeding effort is devoted 
to germplasm whose origin traces to not more than three of these races. 
Introgression of several exotic germplasm sources has been recommended to 
reduce the genetic "bottleneck" in maize production (Coastal Tropical 
Flint, Tm^eno, Tuson, Cuban Yellow, Eto, etc.) (Brown, 1975; Duvick, 
1984b; Hallauer and Miranda, 1988) . Unfortunately, most of the untapped 
exotic sources of germplasm are difficult to work with, are poorly 
adapted to temperate environments, and require discouragingly long 
periods of time to introgress into adapted material. 
Plant breeders are under constant pressure to produce new 
cultivars. Thus, it seems that the most efficient way of producing new 
varieties is to concentrate breeding efforts on germplasm of proven 
usefulness (Brown, 1975). Even within the small portion of the germplasm 
base that is utilized, certain breeding populations (e.g., Lancaster Sure 
Crop, Midland, and Stiff Stalk Synthetic) have yielded more useful inbred 
lines than others (e.g.. Hickory King, Krug, etc.) and have more breeding 
effort devoted to them (Hallauer and Miranda, 1988). 
A further restriction of the germplasm base has been caused by the 
transition in types of cultivars produced by breeders. Over the years, 
the maize grown in farmers' fields has progressed from open-pollinated 
varieties to double-cross hybrids to three-way cross hybrids to single-
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cross hybrids. While genetic improvement occurred within each of these 
categories (Duvick, 1977, 1984a; Castleberry et al., 1984; Russell, 1984; 
Hallauer and Miranda, 1988), the transition from one type to another 
produced less and less variable gene arrays in farmers' fields. Thus, a 
valuable genetic buffer against future damage from biological or 
environmental stresses has been lost. Despite this, it is generally 
accepted that U. S. maize production will be best served by the continued 
development and deployment of single-cross maize hybrids with improved 
yield potential despite future soil fertility or climatic conditions 
(Castleberry et al., 1984; Russell, 1986). 
Certain breeding procedures themselves contribute to a restricted 
germplasm base. Narrow-based sources, such as F2 populations from single-
crosses, backcross populations, and narrow-based synthetics, are often 
used in line recycling (Sprague, 1971; Zuber, 1975; Zuber and Darrah, 
1980; Darrah and Zuber, 1986). These types of source populations 
contribute very little to the enhancement of the germplasm base while at 
the same time diverting resources away from the development of lines from 
more diverse sources (broad-based synthetics, open-pollinated varieties, 
exotics). The use of diverse sources has been advocated to increase 
genetic variability of the germplasm base (Sprague, 1971; HAS, 1972; 
Brown, 1975). 
While maize breeders are not blameless for the restriction of maize 
germplasm base, they ultimately answer to the demands of the consumer, 
the farmer. The large and consistent gains in hybrid productivity during 
the past 60 years are the result of a combination of cultural and genetic 
factors. The adoption by farmers of a number of crop husbandry practices, 
such as increased use of fertilizer, herbicides, insecticides, higher 
plant densities and improved implements, has created more uniform and 
productive growing environments than in the past (Duvick, 1977, 1984a; 
Russell, 1974, 1986; Hallauer, 1973; Hageman and Lambert, 1988; 
Jugenheimer, 1976) . The wide-spread use of these practices has forced 
breeders to develop hybrids that fill this niche and continue to 
(arguably) over-work a very small segment of the germplasm base (Sprague, 
1971) . 
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Despite the current conditions and practices indicative of a 
restricted germplasm base, Duvick {1984b) has discussed several sources 
of "hidden diversity" that are rarely acknowledged. The replacement of 
leading 1970 cultivars by new cultivars prior to 1980 was cited as an 
example of "genetic diversity in time" (Simmonds, 1962) . Based on survey 
data, Duvick concluded that cultivar replacement is proceeding at a 
faster rate than ever before. A second line of defense is the large 
amount of "genetic reserves" available. These reserves are made up of 
cultivars in advanced and preliminary trials which could be "called up" 
in the event of an emergency. Ttie worldwide information networks 
currently in place can be used to identify potential threats to the 
current germplasm base. Breeding in anticipation of these threats could 
give breeders a head start on a potential problem and would undoubtedly 
reduce its impact if it were to manifest itself later. Lastly, due to 
modem transportation and communication capabilities, breeders and 
farmers have potential access to the genetic variability of the entire 
world. Should a need arise, cultivars from anywhere on earth could be 
brought in to alleviate a crisis. Duvick termed this "transportable 
diversity". Although these hidden diversity sources may be reassuring, 
Duvick emphasised the importance of broadening the maize germplasm base 
to increase the margin of safety against future crop disaster (Duvick, 
1984b). 
Past Consequences of Genetic Vulnerability 
The terms "decreasing genetic diversity" and "increasing genetic 
vulnerability" are not synonymous, but both infer the occasional heavy 
losses due to environmental and/or insect and plant pathogen damage 
(Sprague, 1971). Troyer et al. (1988) defined genetic vulnerability as 
"the potential susceptibility of a crop to future attack by some 
biological or environmental stress due to growing large numbers of a 
uniform biotype over a large geographical area". The authors emphasize 
that genetic vulnerability is the major controllable cause of disaster in 
agriculture. 
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Although a compreheasive review of all major crop disasters is 
beyond the scope of this review, several specific examples serve to 
illustrate the seriousness of the problem of genetic vulnerability. The 
Irish potato iSolaziim tuberosum) famine of the 1845 and 1846 occurred, in 
part, because of phytophtbora infestans, the causal organism of late 
blight. Another contributing factor was the extremely widespread 
cultivation of the susceptible variety 'Lumper'. The end result of the 
pandemic left a million dead of starvation and forced another million and 
a half to emigrate (Agrios, 1969; Kenega, 1974). 
In the mid-1940's, Victoria leaf blight {Helmintblsporium 
victoriae) of oat (Avena sativa) affected nearly the entire oat acreage 
of Iowa. Large acreages were also affected in other states. Prior to this 
time, Victoria leaf blight had been a disease of minor importance. 
However, once cultivars containing a common pleiotropic gene for 
resistance to crown rust {Puccinia coronata aveanae) were widely grown, 
the disease quickly became a major problem. The donor parent for the gene 
was the cultivar 'Victoria'. This example illustrates how a minor 
pathogen can become a major one under conditions of genetic uniformity 
(Day, 1984; Kenega, 1974). 
One of the best examples of the dangers of genetic uniformity 
occurred in maize. The Southern com leaf blight {.Bipolaris xaaydis 
(Nisik.)) epidemic in 197 0 reduced U. S. maize yields by 15% (Brown, 
1975). Cytoplasmic male sterility (cms) makes production of hybrid seed 
more profitable. Two cms types, T and S, came into commercial use in the 
1950's. The T-cms type became prefered after S-cms showed evidence of 
environmental instability. Use of cms increased until 75% or more of 
commercial hybrid seed production was dependant upon T-cms in 197 0 
(Sprague, 1971). In 197 0, race T of Bipolaris maydis (Nisik.), then a 
previously undescribed race of the pathogen, became prevalent with 
disastrous results. Prior to the 197 0 epidemic, it was recognized by 
some seed companies that hybrids produced with T cytoplasm were 
deteriorating in performance due to an association of the cytoplasm and 
its restorer genes with reduced disease resistance and stalk strength. 
Fortunately, a shift back to the use of normal cytoplasm had begun prior 
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to the epidemic. Had it not been for this shift, losses in 197 0 may have 
been even greater (NAS, 1972) . Although many facets of the disease have 
been thoroughly studied {morphology of pathogen, symptoms, sight of 
phytotoxin activity, disease cycle, control measures, etc.), the use of 
T-cms in production of hybrid seed has largely become a thing of the past 
(Smith and White, 1988) . The Southern com leaf blight epiphytotic served 
to remind us, perhaps more than any other agricultural disaster, of the 
potential vulnerability of the relatively few crops on which we depend. 
Thus, since 197 0, there has been controversy, debate, and study on the 
subject of genetic diversity/vulnerability in major crops (i.e.. Genetic 
Vulnerability of Major Crops (HAS,1972)). 
Future trends in threats to crop species remain largely 
unforeseeable. An example can be found in the case of com lethal 
necrosis. Com lethal necrosis (CLN) is a complex of several viral 
diseases (maize chlorotic mottle vims, maize dwarf mosaic virus strain 
B, and possibly maize dwarf mosaic vims strain A, and wheat streak 
mosaic vims) acting synergistically. CLN was first reported in Norton 
County, Kansas, in 197 6 where it caused yield losses ranging from 7 0 to 
90% (Niblett and Claflin, 1978; Uyemoto et al., 1980). As of 1979, only a 
few lines were reported to be tolerant of CIoN (Doupnik, 1979). By 1988, 
Smith and iwhite (1988) reported that planting resistant hybrids was an 
effective control measure. Since it's discovery, CLN has spread to six 
counties in Kansas and seven counties in Nebraska which are localized in 
the Republican and Little Blue river basins. Although it has not spread 
from this area, sudden movement to other Com Belt areas without tolerant 
hybrids could lead to an epiphytotic. 
One way to alleviate the hazards of similar, future crop disasters 
is to allow farmers to spread environmental and pest related risks by 
providing numerous hybrid genotypes to choose from. Both seed companies 
and farmers benefit from superior, widely adapted hybrids (Bradley et 
al., 1988) . A popular hybrid has necessarily performed well under many 
environmental and biological stresses, both during testing prior to 
release and in farmers fields over time. Paradoxically, after attaining 
widespread farmer acceptance it becomes a potential genetic vulnerability 
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risk (Troyer et al-, 1988) . The availability of few genetically different 
hybrids would preclude the possibility of risk spreading by farmers, 
would lessen the chances that diverse com growing areas could be 
profitably planted, and would increase selection pressures applied to 
pathogens. Thus, researchers have attempted to quantify the level of 
diversity among maize germplasm by a number of methods (Smith et al., 
1987). 
Measurement of Maize Germplasm Diversity: Methods and Results 
Since 197 0, primarily three methods have been used to measure 
genetic diversity: 1) questionnaires surveying the usage of particular 
pedigrees; 2) genetic markers, such as biochemical assays of isozymes and 
zein proteins and restriction fragment length polymorphisms (RFLP's); and 
3) estimates of the relatedness of hybrids based on observed heterosis of 
a double cross compared to the average of the selfed single crosses. In 
this section, the procedures involved with each of these methods will be 
briefly reviewed and experimental results pertinent to diversity of maize 
germplasm will be discussed. 
Survey data 
Following an initial survey in 1956, the American Seed Trade 
Association (ASTA) has, cooperated in conducting surveys in 1964, 197 0, 
1975, 1979, and 1984 (Sprague, 1971; Zuber, 1975; Zuber and Darrah, 1980; 
Darrah and Zuber, 1986) . A study on genetic vulnerability of major crops 
for the National Academy of Sciences also was conducted which showed a 
gradual but continued increase in genetic vulnerability from 1920 to 197 0 
(HAS, 1972). This finding was supported by the 1971 ASTA survey conducted 
by Sprague- Based on results from the 1956 and 1964 ASTA surveys, he 
reported that when measured as percentages of total usage, reliance on a 
limited number of major lines was increasing - Five lines in the 1970 
survey had use percentages of 8% or higher with the highest being 25-7% 
as compared to the 1956 survey in which the most widely used line 
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accounted for only 7.4%. The decreasing use of open pollinated cultivars 
as sources of inbred lines and increasing use of backcross-derived and 
second cycle lines was cited as further evidence for decreasing genetic 
diversity {Sprague, 1971). 
The 1975 survey was summarized by Zuber. The survey indicated that 
public lines were used as one or more parents in hybrids in 57% of the 
total seed requirement and that their overall use was nearly the same as 
in 197 0 survey. However, the number of public lines in use increased from 
77 to 112. sources of inbred lines were approximately equally split 
between narrow- and broad-based populations. The large-scale use of 
several inbred lines {A632, Mol7, and B37) continued from the 197 0 
survey. Thus, Zuber (1975) concluded that the germplasm base remained 
relatively static from 197D to 1974. 
The main finding of the remaining two surveys (Zuber and Darrah, 
1979; Darrah and zuber, 1984) taken together was the decreased use of 
public lines directly in hybrids. Only 21 public lines were used as 
parents in hybrids in more than 0.1% each of the total seed requirement 
in 1984, with only five lines exceeding 1%. Sixty-two percent of hybrids 
were reported to be composed of only private lines versus only 28% in 
1979. The use of one or more public lines as a parent decreased from 72% 
in 1979 to only 38% in 1984, while the use of one or more private lines 
increased from 74% in 1979 to 92% in 1984. Recycling within elite line 
families (B73, Oh43, Mol7, A632) was reduced although major effort was 
still expended. Single crosses were reportedly used as germplasm sources 
of new lines 20% of the time. This agreed closely with a contemporary 
study by Bauman (1981) which reported 22% of efforts devoted to single 
crosses. Thirteen percent of the weighted effort in 1985 used synthetics, 
composites, and populations improved by recurrent selection versus a 
total of 31% effort in "broad- and narrow-based populations" reported by 
Bauman (1981). Backcrosses accounted for just under 5%, whereas Bauman 
found 17% of breeder effort committed to material involving one or more 
backcrosses. Selection in three-way crosses, double crosses, open-
pollinated cultivars, and sources utilizing exotic material amounted to 
3% or less of the effort in each case. 
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Darrah. and Ziiber (1984) enç>hasized that the decreased use of public 
lines should not be construed to indicate a narrowing of the genetic 
base. Rather, they credit private breeders with continued successful 
development of new proprietary lines. Most breeders are currently 
employed in the private, rather than the public sector. Thus, because of 
the trend toward use of private lines, fewer breeders responded to survey 
questionnaires (36 respondents in 1984 versus 53 in 1979) because they 
deal with proprietary information. In addition, there is a trend for 
breeders in the public sector to concentrate on population improvement 
and germplasm sources rather than inbred line development (Zuber and 
Darrah, 1979; Darrah and Zuber, 1984). Because of the decreased use of 
public lines, it appears that survey data will no longer be the best 
gauge of the genetic base of U. S. hybrid maize. 
Unfortunately, survey data face other important limitations. 
Surveys based on pedigree data can be subjective, unavailable, or in 
error. Calculations of relationship based upon pedigree ignore the 
improbability of equal gene descent from each parent, and the change in 
gene frequency due to selection, mutation, and drift. Lines with common 
progenitors are often classified as related. This assumption may not be 
accurate since pedigree data ignore similarity between lines, 
attributable to different proportions of loci, that are alike in state 
but are not identical by descent (Melchinger et al., 1991; Cockerham and 
Weir, 1983). Thus, there can be an element of subjectivity in 
establishing whether lines are of sufficient genetic difference to 
warrant separate pedigree designations (Smith et al., 1987). As 
previously mentioned, pedigrees of private inbred lines are regarded as 
proprietary information and are unavailable for the purposes of surveys. 
Therefore, the reliability of recent surveys of pedigree usage could be 
particularly doubtful since private lines have been reported to be used 
in 92% of U.S. hybrid production (Darrah and Zuber, 1986). Surveys of the 
number of hybrids available tend to error by overestimating genetic 
diversity since not all hybrids are different. Surveys on the number of 
widely used inbred lines, on the other hand, tend to error by 
underestimating genetic diversity, since numerous hybrids can be made 
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from a few inbreds (Troyer, et al., 1988; Duvick, 1984b). In wheat, some 
pedigrees themselves have been shown to be completely in error based on 
biochemical and performance data (Jones et al., 1982; Bietz, 1985; 
Wrigley and Shepherd, 1977). Biochemical or genetic data can provide a 
more accurate appraisal of genetic diversity, since they allow direct 
comparisons of genotypes {Brown, 1978; Troyer et al., 1983, 1988; Smith, 
1988; Lee et al., 1989). In 1978, a federal U.S. court accepted that 
electrophoretic, chromatographic, and genetic (heterosis) data provided 
sounder evidence of misappropriation and use of a proprietary inbred line 
of maize than did pedigree data (U.S. District Court, 1987). 
Genetic markers 
Genetic markers are generally divided into two types. The first 
group, morphological markers, include easily recognizable phenotypic 
types such as seed coat color, dwarfism, chlorophyll abnormalities, and 
altered leaf morphology (Tanksley, 1983). Problems associated with 
morphological markers include gross abnormalities in individuals 
homozygous for recessive alleles conferring phenotypic extremes, and the 
low frequency at which these alleles occur in elite breeding material 
(Lee, 1989). 
The second type of genetic markers are detected by biochemical or 
molecular techniques. Molecular markers generally fall into two 
categories, protein markers and DMA markers. The most commonly used 
protein markers are isozymes and allozymes (Tanksley, 1983). Isozymes are 
multiple forms of an enzyme that are coded for by different loci. 
Allozymes, on the other hand, are multiple forms of an enzyme arising 
from different alleles at the same locus (King and Stansfield, 1985). 
Isozymes and allozymes can be separated electrophoretically due to 
differences in net charge, molecular weight, and shape (Stuber et al., 
1988). Once separation has been completed, results can be quantified by 
use of the Modified Rogers Distance equation (Goodman and Stuber, 1983) 
and/or by multivariate statistical techniques such as cluster analysis or 
principle component analysis. Isozymes and allozymes have several 
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characteristics of a desirable marker system; 1) they have limited effect 
on phenotype, 2) they are relatively simple to screen for, and 3) they 
generally have several allelic forms at most loci which segregate in a 
simple Mendelian, codominant manner (Lee, 1986). 
As the technology associated with the use of isozymes and allozymes 
improved during the latter part of the 1970's and early 1980's, it became 
evident that this technology could be used for genotypic identification 
of cultivars. Thirty widely used and thirty historically important inbred 
lines were assayed at 23 loci using isozyme electrophoresis by Goodman 
and Stuber (1980). Twenty-eight of the widely used hybrids had unique 
profiles while profiles of two lines closely related by pedigree (B14A 
and A635) were identical. Among the historically important lines, twenty-
six lines were found to exhibit unique genotypes, while two sister lines 
and two unrelated lines showed the same genotype. Concurrent with this 
study, Stuber and Goodman (1983) were accumulating allozyme data on 405 
inbred lines of maize from the United States, Canada, and Europe. Of the 
thirty widely grown lines from the 1980 study, isozyme patterns of 23 
lines were not duplicated among the 406 lines screened. Despite this, 
widely used lines appeared to be less diverse than the historically 
important lines (Goodman and Stuber, 1980). 
The thirty historically iirportant lines surveyed by Goodman and 
Stuber (1980) and an additional 42 lines representing u. S. Com Belt 
materials and southern lines were studied at 21 loci by Smith et al. 
(1985a). Considerable diversity was found, especially among lines derived 
from, and coitprising 'Reid Yellow Dent* and 'Iowa Stiff stalk Synthetic'. 
Cumulative allele frequency and principle component analysis revealed 
that southern and U. S. Com Belt lines comprise somewhat different 
germplasm. Although tight clustering was not found, principle component 
analysis tended to group lines of similar background together. Iowa Stiff 
Stalk Synthetic lines showed little relationship to 'Lancaster Surecrop', 
'Minnesota 13', or 'Midland' lines but did appear to be a blend of Reid 
Yellow Dent and non-Reid Yellow Dent material. The authors concluded that 
the most successful sources of elite lines had broad ranges of genetic 
diversity and that, based on the small number of races involved in it's 
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origin, the germplasm base of the U. S. was broader than expected (Smith 
et al., 1985a) . 
A companion paper (Smith et al-, 1985b) focused on widely used 
lines of the 1970's. The authors reported a reduction in monomorphic loci 
and an increase in the number of alleles compared to lines used 
previously. Although use of 'Raid Yellow Dent' material declined, 
selections from Iowa Stiff Stalk Synthetic continued to produce three 
widely used types of lines. Use of 'Lancaster Surecrop' germplasm had 
narrowed to lines derived from Oh43 and Mol7. However, new lines from 
'Stiff Stalk Synthetic used in combination with 'Lancaster Surecrop' 
lines provided genetic diversity in time. The authors concluded that 
isozymic surveys of public lines were representative of the commercial 
sector and that the com germplasm base had expanded gradually from 197 0 
to 1979 (Smith et al., 1985b). 
Although comparisons of widely used inbred lines are useful, 
commercial hybrids are what are grown in farmers fields. Comparisons 
among commercial hybrids are, therefore, a more accurate representation 
of diversity and potential for crop disaster. The technique of isozyme 
electrophoresis for differentiation among hybrids was shown to be 
successful by Cardy and Kannehberg (1982) . Twenty-two loci were screened 
for 155 Canadian hybrids. Fifty-six different alleles were found of which 
three were monomorphic (14% similarity across all hybrids). 
Similar studies of U. S. Com Belt hybrids have been conducted 
using isozyme data. Smith (1984) surveyed 111 widely grown hybrids of the 
U. S. and Canada by principal conponent analysis. Allele frequencies 
among u. S. and Canadian hybrids did not differ greatly, but elite 
materials showed a reduction in numbers of alleles when compared with 
with exotic and wild germplasm (Goodman and Stuber, 1980; Stuber and 
Goodman, 1983). Although 90% of the hybrids had different allele 
frequencies, differences among many hybrids were due to minor deviations 
at a few loci. Approximately 9, 19, 14, 9, and 14% (i.e., 65% of the 
total) of private hybrids were loosely grouped with the publicly 
available hybrids B73 x Mol7, B84 x Mol7, B73 x LH38, A634 x Mo 17, and 
A632 X Oh43/LH38, respectively (Smith, 1984). 
17 
The combined use of isozyme and zein chromatographic data has been 
proposed as an ideal descriptor of diversity because it can distinguish 
between all different genotypes but would fail to distinguish between 
identical or near identical genotypes. Zein chromatographic data 
primarily reflect the female parent of the hybrid since the endosperm 
proteins receive a 2:1 dosage of female:male genes. Thus, isozymic and 
zein chromatography data are complimentary in that they provide an 
evaluation of similarities among hybrids and their female parents. Among 
88 Com Belt hybrids. Smith et al. (1987) found 58 genotypic profiles. Of 
the 72 commercial hybrids in the study, joint analysis of the data 
revealed 56% of hybrids were unique. However, remaining hybrids (35%) 
fell into 10 groups based on isozyme data. Chromatographic data were able 
to differentiate among hybrids within groups with the exception of one 
group. Results indicated a strong reliance on B73- and A632-type lines as 
female parents. They concluded that if breeding were to become largely 
concentrated upon a limited genetic base such as represented by B73, 
A632, Mol7, and 0h43, then there would be no prospect of continued long-
term genetic gain by plant breeders (Smith et al.,1987). 
Following the 1986 survey by Darrah and Zuber, Smith (1988) 
examined 138 commercial U. S. Com Belt hybrids using both isozymic and 
zein chromatographic data. Forty-eight alleles were found among 21 loci, 
10 (48%) of which were either monomorphic or nearly so. Forty-five 
proprietary hybrids contributed unique germplasm based on isozyme 
analysis; an additional 10% of hybrids were also unique based on 
chromatographic profiles. Thus, the authors reasoned that 55% of 
commercial hybrids contributed to genetic diversity. Among hybrids based 
on foundation seed sources, 65% of available hybrids were unique on the 
basis of isozymes, and 85% of these hybrids were considered different 
germplasm when both isozyme and chromatographic data were considered. 
Remaining non-unique hybrids fell into seven groups of hybrids which were 
still extremely dependent on B73- and A632-type lines as sources of 
maternal germplasm. They concluded that although Darrah and Zuber (1986) 
reported a decrease in usage of B73, A632, Mo 17, and Oh43, replacements 
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for these lines are nearly identical to the originals and still continue 
to play a major role in hybrid production. 
More recently. Smith (1989) compared genetic diversity among 72 
U. S. and 61 French hybrids using both isozymic and zein chromatographic 
data. Germplasm bases of both countries were similar in terms of 
monomorphic loci. However, hybrids of the U. S. and France differed 
dramatically in the the degree to which isozymic and chromatographic 
profiles were unique among hybrids. Fifty-six percent of D. S. hybrids 
were unique when both isozymic and zein chromatographic data were 
examined. All French hybrids were distinguishable on the basis of 
isozymes alone. Based on these findings, the authors concluded that the 
French hybrid gernçlasm base was more diverse than that of the U. S. 
Although the use of isozyme, allozymes, and chromatographic data 
seems to have been successful in distinguishing among tJ. S. maize 
germplasm, the use of these types of markers have been criticized. Only a 
limited number of mapped loci are available, which may not be 
representative of the entire genome. Detection of differences is 
dependent on stage of development and tissue source. Often, different 
procedures are required for each locus. In addition, multivariate 
techniques, such as cluster and principle component analysis are 
dependent on cultivars included in the study for their ability to 
discriminate among genotypes. 
DNA markers expose genetic differences at the nucleic acid level, 
ïïie desirable characteristics of isozyme and allozyme analysis are 
maintained with the use of RFLP's, while the limitations of that system 
are overcome. In maize there are more than 200 mapped RFLP clones 
publicly available (compared with approximately 40 mapped isozyme loci) 
which allows a more thorough survey of the genome. RFLP's require less 
tissue and growth stage specificity and only one procedure is needed to 
detect clones. Thus, RFLP's are a nearly ideal system for investigating 
the diversity of maize germplasm. 
RFLP's were first used in viral and then in human genetic studies. 
While several authors (Beckmann and Soller, 1983; Burr et al., 1983; 
Soller and Beckman, 1983; Tanksley, 1983) suggested the use of RFLP's for 
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plant breeding purposes, tlie actual implementation didn't occur until 
1985 (Helentjaris et al., 1985). 
ïtiere are basically four steps in RFLP analysis; 1) digestion of 
DNA with nucleotide specific endonuclease, 2) electrophoresing the DNA 
fragments, 3) transfer of the electrophoreses DNA to a filter, and 4) 
hybridizing the filter to a radioactive R^P clone DNA probe. The 
restriction enzyme cleaves the DNA strand anywhere its specific base 
pair sequence occurs. Ifhe cleavage generates a series of fragments that 
are separated electrophoretically. Electrophoresis involves loading 
digested DNA into wells at one end of an agarose gel. An electrical 
current is then passed through the gel. Because the DNA is negatively 
charged, it migrates toward the positive end of the gel. The gel acts as 
a filter by slowing the migration of the larger fragments. After 
elecrophoresis, the gel is treated to denature the DNA and make it become 
single stranded. The single stranded DNA is transferred to a filter by 
the process of Southern blotting (Southern, 1975). The RFLP clone DNA is 
also made single stranded and then radioactively labeled. When incubated 
with the filter, the clone DNA finds complementary base sequences in the 
filter DNA and binds to them restoring the double stranded structure. 
Once the filter is washed to remove unbound DNA, it is exposed to x-ray 
film. Bands on the exposed x-ray film represent regions of homology 
between probe DNA and the plant DNA. Variations in the position of the 
bands are called a RFLP variants. Once the RFLP analysis has been 
completed, results can be quantified by use of the Modified Rogers 
Distance equation (Goodman and Stuber, 1983), Nei's Distance (1979, 
1985), and/or by multivariate statistical techniques such as cluster 
analysis or principle corr^jonent analysis. 
Swveral studies have examined genetic diversity of lines per se, by 
this method. Lee et al., (1989) reported that RFLP's were successful in 
distinguishing among lines and classifying them into heterotic groups. 
Lee (1989) reported considerable diversity among seven elite lines 
derived from Stiff stalk Synthetic. Messmer et al. (1991) concluded that 
RFLP's were superior to allozymes for characterizing the genetic 
diversity of maize inbreds because of 1) the almost unlimited number of 
20 
markers available and 2) the greater amount of polymorphisms found, while 
elite lines from Stiff Stalk Synthetic {B14A, B37, B73, and B84) were 
somewhat diverse based on Modified Rogers Distance, they were less 
diverse than the progenitors of Stiff Stalk Synthetic. Reasons for this 
restriction of diversity were attributed to genetic drift and to 
selection for specific combining ability with Mol7 (Messmer et al., 
1991). Elite lines from Iowa Stiff Stalk Synthetic (BSSS), Reid Yellow 
Dent (RYD), Lancaster Sure Crop (LSC), and miscellaneous sources were 
compared by Melchinger et al. (1991). Considerable diversity was 
encountered among lines from the three sources. Roger's distances between 
related lines agreed well with expectations based of coancestry 
coefficients determined from pedigree data. Dispersion of lines of 
miscellaneous sources agreed well with expectations based on known 
breeding behavior and pedigrees. The authors concluded that RFLP data 
were a reliable estimate of genetic diversity among lines if a large 
number of probe-enzyme combinations were used (Melchinger et al., 1991). 
Several surveys using RFLP technology to establish hybrid diversity 
have been conducted. Smith and Smith (1991) examined sixty-nine 
proprietary hybrids and 9 public/foundation hybrids, selected on the 
basis of widespread use and undifferentiation based biochemical data, 
were surveyed with 38 RFLP probes. Because RFLP's were able to 
differentiate among hybrids that were previously indistinguishable, it 
appears that use of RFLP's provides greater discriminatory power in 
surveys of widely used hybrids. For hybrids of 3mown pedigree, distances 
between hybrids on the basis of pedigree showed a correlation of r = 0.91 
with genetic distance based on RFLP analysis. Although 52% of commercial 
hybrids were considered unique, the remaining 48% fell into six closely 
associated groups. Five of the six groups included a public/foundation 
hybrid. Genetic distances among these five public/foundation hybrids 
averaged only 0.154 by Nei's distance. In other words, on the average, 
85% of RFLP bands found in this study were shared in common among hybrids 
which represented nearly half of the 7 8 studied. This finding, arguably, 
points out the limited gentiplasm base of U. S. maize hybrids. 
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An important aspect of estimating the extent of genetic diversity 
is to consider the relative proportions of hectarage planted 
disproportionally either to individual varieties or to groups of 
genetically similar varieties. The most recent and comprehensive study of 
hybrid diversity has taken this factor into account (Smith, et al., 
1992). One hundred and six hybrids, each accounting for more than 0.1% of 
the total hectarage planted based on independent survey data and 1987 
government figures (maximum hectarage for a single hybrid was 4.7%), were 
analyzed using 46 RFLP probes. Estimations of the level of genetic 
diversity, taking into account both genetic distance and usage data, were 
made using principal component analysis (Adams and Wiersma, 197 8) and 
uniformity estimates (Cox et al., 1986). Data showed little use of 
germplasm significantly different than that of public lines, indicating 
limited use of exotic and other diverse material. Of RFLP variants found 
among 150 public lines, 82% were found among the commercial hybrids 
surveyed. Although 48% of hybrids surveyed were considered unique, 52, 
35, 23, and 15% of remaining hybrids fell into groups with 90, 95, 98, 
and 99% of their RFLP bands in common, respectively. Among hybrids of 
known pedigree data, a correlation of 0.87 was found with RFLP data. 
Adjustment for hybrid usage did not provide additional insight into 
genetic diversity among hybrids since extremely disproportionate hybrid 
usage was not evident. Among hybrid groups that had 95% of their RFLP 
profiles in common, cumulative percentage of hectarage planted did not 
exceed 4.6% (Smith et al., 1992). 
Because many different genotypes were indicated by RFLP analysis, 
the authors concluded that there are opportunities to hedge risks of 
failure of performance that could be associated with genotype x 
environment interaction. However, current data showing diversity alone do 
not indicate what differences between hybrids constitute usefully 
different germplasm. All such estimates are dependent on complex and 
specific interactions among genetic, pest, disease, husbandry, and 
environmental factors. Nevertheless, distance based on RFLP similarity is 
a means by which farmers can judge genetic distance among hybrids which 
otherwise meet their needs. 
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Measurements based on observed heterosis 
Methods of detecting genetic differences among hybrids using 
genetic markers have improved, but translation from genotype to phenotype 
will still require a testing program for agronomic traits {Smith and 
Smith, 1989; Smith et al., 1989, 1990). Troyer et al. (1983) proposed a 
new method for evaluating the genetic diversity among maize hybrids that 
uses the positive association between genetic diversity and heterosis and 
which takes into account the entire portion of the hybrid genome 
affecting a trait. They proposed the following equation for detecting 
differences among hybrids; 
GD = 1- ((H - C)/(H - S)), 
where GD equals genetic diversity, H equals the average performance of 
the two hybrids being compared, C equals performance of the hybrid-by-
hybrid cross, and S equals the average performance of the selfed hybrids. 
Development of the equation by Troyer et al. (1983) was similar to 
the method proposed by Garza et al. (1962) to identify double cross 
hybrids with the same pedigree. Based on studies by Hayes and Johnson 
(1939) and Wu (1939), Garza et al. (1962) reasoned that if two hybrids 
had the same four inbred lines as parents, the sibling progeny of each 
and the cross between the respective hybrids should be genotypically 
similar and, therefore, have similar phenotypic performance. Results 
showed that the method was capable of detecting differences in parentage 
of only one line for most traits studied. 
Comparisons among the ten most widely grown hybrids in Missouri and 
two checks by the method suggested by Troyer et al. (1983) were reported 
in 1986. Paszkiewicz et al. (1986) found that five commercial hybrids 
were closely related. In addition, although several hybrids seemed to 
differ for genetic diversity values, three of the ten commercial hybrids 
did not differ significantly from the check hybrid B73 x Mol7 
(Paszkiewicz et al-, 1986). 
Troyer et al. (1988) discussed the quantitative genetic basis of 
the equation. The equation by Troyer et al. (1983), uses the Garza et al. 
(1962) method to establish whether or not pedigres of hybrids are 
identical (GD = 0), and the average performance of the two hybrids to 
determine if hybrids are unrelated (GD = 1). Assumptions associated with 
the model include diploid inheritance, two alleles per locus, and a 
linear relationship between the coefficient of inbreeding and inbreeding 
depression (Mayo, 1980; Martin and Hallauer, 1976; Good and Hallauer, 
1977) . 
Under assumptions of the model, (H-S) represents the observed 
inbreeding depression from one generation of selfing (inbreeding 
coefficient = 0.5). (H-C) represents the observed inbreeding depression 
from the hybrid x hybrid cross, if F represents the inbreeding 
coefficient of the cross then (H-S)/0.5 = (H-C)/F; so F = 0.5[(H-C)/(H-
S)] . 
GD represents the genetic diversity between two hybrids. Crossing 
two identical hybrids results in the same gene frequency as would selfing 
them, and the inbreeding coefficient, F, equals 0.5. GD is equal to one 
in this case. Crossing two unrelated hybrids such that the resulting 
inbreeding depression equals zero results in F = 0, and GD, by 
definition, equals l.O. Thus, GD is linearly related to F, GD = 1-2F, or 
GD = 1-((H-C)/(H-S)). 
Under assumptions of the model, nine classes of loci can exist 
among two hybrids (Table l) . Assigning values of a, d and -a to AlAl, 
A1A2, and A2A2 (after Falconer, 1960), respectively, genotypic values for 
each class can be derived for the two hybrids, their selfs, and their 
cross (Table 2). 
If I through Q represent the respective number of loci in classes i 
through q, H represents the average genotypic value of the two hybrids, S 
represents the genotypic value of the two average two hybrids selfed, and 
C represents the value of the hybrid by hybrid cross, then: 
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Table 1. Genotypes of loci possible assuming two hybrids (Hi and 
H2) with diploid inheritance having two alleles per 
locus 
Class of loci HI H2 
i AlAl AlAl 
j AlAl A1A2 
k AlAl A2A2 
1 A1A2 AlAl 
m A1A2 A1A2 
n A1A2 A2A2 
o A2A2 AlAl 
P A2A2 A1A2 
g A2A2 A2A2 
Table 2. Genotypic values of each class of loci for two hybrids 
(HI and H2), their selfs, and their cross 
Class of loci HI H2 HI selfed H2 selfed HI X H2 
i a a a a a 
i a d a d/2 a/2 + d/2 
k a -a a -a d 
1 d a d/2 a a/2 + d/2 
m d d d/2 d/2 d/2 
n d -a d/2 -a -a/2 + d/2 
o -a a -a a d 
P -a d -a d/2 -a/2 + d/2 
q -a -a -a -a -a 
H = ai + (a/2 +d/2)j + (a/2 + d/2)L +dM + {-a/2 + d/2)N + (-a/2 + 
d/2)P -aQ; 
S = ai + (a/2 +d/4)j + (a/2 + d/4)L + (d/2)M + (-a/2 +d/4)N + (-a/2 + 
d/4) P - aQ; and 
C = al + (a/2 + d/2)j + dK + (a/2 + d/2)L + {d/2)M + (-a/2 + d/2)N + 
do + (-a/2 + d/2)P - aQ. 
Hence, 
H - C = d/2(M - 2K - 20) 
H - S = d/4(J + L + 2M + N + P) 
then, 
GD = 1 - (H-C)/{H-S) 
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= 1 - {-K + M/2 - O)/ (J/4 + L/4 + M/2 + N/4 + P/4) 
= {J+ 4K + L + N + 40 + P)/(J + L + 2M + N + P) 
From Table l it can be seen Hi is heterozygous at L + M + N loci 
and H2 is heterozygous at J + M + P loci; so, the two hybrids are 
heterozygous at an average of J/2 + L/2 + M + 11/2 + P/2 loci. Designating 
this quantity as T, the average total number of heterozygous loci in the 
two hybrids, then GD = (T - M + 2K + 20)/T. 
The variable M is the number of segregating loci the two hybrids have in 
common, and K + O is the number of loci where two hybrids have no alleles 
in common. If two hybrids are identical, then M = T, K+0=0, and GD = 
= 0. If two hybrids share one inbred in common, then K = O = 0 and GD = 
(T - M)/T; if all three inbreds have the same number of favorable alleles 
that are randomly dispersed among loci for each inbred then M = (J + L + 
N + P)/2 and GD = 0.5. However if 2K + 20 > M, then GD > 1, indicating 
more heterozygosis in the hybrid-by-hybrid cross than in the average of 
the single crosses. 
Troyer et al. (1988) reported using the equation to assess genetic 
diversity within sets of five popular hybrids from DeKalb Pfizer 
Genetics, Inc. (DK) and Pioneer Hi-Bred International, Inc. (PHI) for 
five traits. The hybrids studied were of similar ranges and relative 
maturities and together were estimated to be grown on 33% of U. S. maize 
hectarage in the early 1980's. Values calculated on grain yield were 
determined to be the most reliable and precise. Average genetic 
diversity within companies was virtually identical (0.74 for DK and 0.73 
for PHI) with similar ranges of values (0.17 to 1.37 versus 0.28 to 1.12, 
respectively) . A second experiment comparing only the most popular hybrid 
from each company showed a diversity value of 0.94, indicating that the 
hybrids were virtually unrelated. The values obtained were consistent 
with the authors' knowledge of the hybrid pedigrees. 
The relationship between pedigree and GD value reported by Troyer 
et al., (1983) was examined by Smith and Smith (1989) . Ten hybrids from 
PHI were compared on the basis Wright's or Malecot's coefficient ranging 
from closely related to virtually unrelated by pedigree to GD values. A 
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value of = 0.81 was found between inter-hybrid distance calculated 
from heterosis and pedigree data. 
An additional line of evidence for the accuracy of the GD equation 
was presented by Smith et al. (1987). Using the same hybrids as those 
used in the Paskiewicz study (1986), the authors concluded that the same 
five hybrids found to be closely related on the basis of GD values were 
also the most closely related on the basis of isozyme and chromatographic 
data. 
Smith and Smith (1992) reported studying the interrelationships of 
several methods for determining genetic diversity among hybrids. They 
concluded that isozymic, RFLP, and Troyers distance methods for measuring 
diversity were highly correlated and were accurate with regard to 
pedigree information from a set of 10 PHI hybrids. 
Although the GD equation developed by Troyer et al. (1983) appears 
to agree closely with several established methods for surveying 
geritiplasm, it has been criticized for some important limitations. First, 
identification by this method consumes more time and resources than the 
use of molecular markers. Surveys of large numbers of hybrids are 
impractical. Second, analysis of GD values presents statistical problems 
because they are ratios (Steele and Torrie, 1980; P. N. Hinz and D. F. 
Cox, Personal communication). Despite these faults, the GD equation seems 
to provide good estimates of hybrid diversity based on field data and, 
therefore, warrants further study. 
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Although the reliability of molecular techniques employed in maize 
breeding have iinproved, field evaluation of maize hybrids -will be an 
integral part of maize breeding for the foreseeable future. Since 1970, 
concern of the genetic diversity of maize hybrids has increased. This study 
examined the response of a field method for estimating genetic diversity 
values (GDV) among maize hybrids. This method relies on the positive 
association between genetic diversity and heterosis, and the genetic 
principle that an hybrid either sibbed or selfed produces the same Fg 
gene frequency. Values should range from 0 (no diversity) to 1 (complete 
diversity) Thirty-six comparison sets of hybrids of varying levels of Reid 
Yellow Dent and Lancaster Sure Crop genrtplasm were examined using GDV. 
Comparison sets were grown in a randomized complete block design at six 
Iowa environments and at one Illinois environment. 
Genetic diversity values were calculated by two methods; based on 
comparison set means (GDVI) and based on entry means (GDVli) . For grain 
yield, both methods gave similar values and were highly correlated (r = 
0.94**) . Genetic diversity values calculated by GDVI are prone to 
substantial errors. The standard error of a GDVI mean for grain yield was 
0.15. No comparison x environment interaction for grain yield GDVI, 
however, was observed. Of eight traits examined, grain yield GDV values 
were most accurate with respect to pedigree. 
Despite the potential for error, GDVI and GDVI I generally were able 
to distinguish among comparisons of hybrids with zero, one or both parents 
in common. The comparison of identical hybrids (B73 x Mol7 vs. B73 x Mol7) 
had values of -0.046 and -0.01 for GDVI and GDVI I. Genetic diversity values 
for comparisons not involving a common parent ranged from 0.77 to 1.12 and 
0.71 to 1.097 for GDVI and GDVII, respectively. 
Both GDVI and GDVII are less reliable for comparisons of hybrids 
sharing a common parent. For each method, values for four comparisons among 
hybrids overlapped with the range of values for comparisons not involving a 
common parent. Each of the four comparisons were composed of greater than 
50% Reid Yellow Dent genrtplasm. It is unclear whether these deviations were 
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due to ejcperimental error, choice of comparisons involved, or combining 
ability of the non-common parent as suggested by the theory underlying the 
GDV equation. 
Although it seems some deviations from pedigree information occur 
when comparisons involve a larger proportion of Reid Yellow Dent gerraplasm, 
maize breeders who are interested in examining genetic diversity based on a 
field-based method may find GDV a useful criteria. 
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INTRODUCTION 
Methods of detecting genetic differences among hybrids using genetic 
markers have improved, but translation from genotype to phenotype requires 
testing programs for agronomic traits {Smith and Smith, 1989; Smith et al., 
1989, 1990). Troyer et al. (1983) proposed a field method for evaluating the 
genetic diversity among maize (Zea mays L.)hybrids that uses the negative 
association between genetic diversity and inbreeding depression, and which 
takes into account the entire portion of the hybrid genome affecting a trait 
They proposed the following equation for detecting differences among hybrids 
GDV = 1 - ( (H - C) / (H - S) ), 
where GDV equals genetic diversity value, H equals the average 
performance of the two hybrids being compared, C equals performance of 
the hybrid-by-hybrid cross, and S equals the average performance of the 
selfed hybrids. Troyer et al., (1988) discussed the quantitative genetic 
basis of the equation. Assumptions associated with the model include 
diploid inheritance, two alleles per locus, and a linear relationship 
between the coefficient of inbreeding and inbreeding depression (Mayo, 
1980; Martin and Hallauer, 1976; Good and Hallauer, 1977). 
Comparisons among the ten most widely grown hybrids in Missouri 
and two checks by the method suggested by Troyer were reported by 
Paszkiewicz et al. (1986). They found that five commercial hybrids were 
closely related. In addition, although several hybrids seemed to differ 
for genetic diversity values, three of the ten commercial hybrids did 
not differ significantly from the check hybrid, B73 x Mol7 (Paszkiewicz, 
et al., 1986). 
Troyer et al. (1988) used the equation to assess genetic diversity 
within sets of five popular hybrids from DeKalb Pfizer Genetics, Inc. 
(DK) and Pioneer Hi-Bred International, Inc. (PHI) for five traits. The 
ten hybrids were of similar relative maturities and were estimated to be 
grown on 33% of U. S. com acerage in the early 1980's. Average genetic 
diversity values, based on grain yield, within companies were virtually 
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identical with similar ranges of GDV values. A second e:<periment 
comparing only the most popular hybrid from each company showed a 
diversity value of 0.94, indicating that the hybrids were virtually 
unrelated. The values obtained were consistent with the authors' 
knowledge of the hybrid pedigrees. 
Genetic diversity values have been shown to agree closely with 
several different methods for estimating hybrid diversity, including 
pedigree relationship {Smith and Smith, 1989), isozyme and 
chromatographic data (Smith et al., 1987), and RFLP data (Smith and 
Smith, 1992). Although the GD equation developed by Troyer et al. (1983) 
seems to agree closely with several established methods for surveying 
germplasm, it has two important limitations. First, identification by 
GDV consumes more time and resources than the use of molecular markers 
and surveys of large numbers of hybrids are impractical. Second, 
analysis of GDV values present statistical problems because they are 
ratios (Steele and Torrie, 1980; P. N. Hinz and D. F. Cox, Personal 
communication). Despite these limitations, the GDV equation seems to 
provide good estimates of hybrid diversity based on field data and, 
therefore, warrants further study. In addition, previous studies have 
used predominantly only private hybrids for which pedigree information 
is not publicly available. Objectives of this study are to evaluate the 
statistical response and predictive ability of the genetic diversity 
equation among hybrids of differing levels of public Reid Yellow Dent 
and Lancaster Sure Crop germplasm. 
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MATERIALS AND METHODS 
Genetic Materials, Experimental Procedures and Data Collection 
Seventeen inbred lines of varying pedigrees (Table 1) were used to 
produce 36 hybrid comparison sets of varying levels of Reid Yellow Dent and 
Lancaster Sure Crop germplasm (Table 2). Classification of lines into 
heterotic groups was according to the 17^ edition of the MBS, Inc. 
Genetics Handbook (Anonymous, 1990) and with the assistance of the Iowa 
State University maize breeding faculty. 
Double cross hybrids were produced in 1989. Selfed seed of parental 
single crosses was produced in 1990. Any deficiencies in seed supply of 
some genotypes were compensated for by additional seed production in a 
winter nursery in 1991. 
Comparison sets were grown in a randomized complete block design 
with two replications at seven Midwestern locations (Iowa State 
University Northern research farm near Kanawha, lA; Agronomy and 
Agricultural Engineering Research Center near Ames, lA; Iowa State 
Research Farm near Ankeny, lA; Iowa State University Southeast Research 
Center near Crawfordsville, lA; Martinsburg, lA test site; Atomic Energy 
Farm test site, Ames, lA; and Dekalb, ID in 1991. Nineteen ninety-one 
was considered a droughty year, with above normal temperature and below 
normal rainfall across all seven locations. However, the effects of the 
drought were more severe in southern Iowa (Martinsburg and 
Crawfordsville). The Kanawha location also experienced an early frost. 
The experimental unit was a set of five two-row plots. The two-row 
plots were 5.5 m long, with 76 cm row spacing at all locations except 
Dekalb, IL, which were 5.31 m long with 76 cm row spacing. The five two-
row plots per set contained two plots, each consisting of entries of the 
hybrids being compared, one plot consisting of the hybrid by hybrid 
cross entry, and two plots each consisting of entries of the selfs of 
hybrids being compared. Two-row plots were machine planted and thinned 
to 62,143 plants/ha at approximately the V5 growth stage (Richie and 
Hanway, 1986) at all locations except the Dekalb, IL site which were 
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Table 1. Pedigrees and predominant heterotic 
lines of maize 




B73 BSSS(HT)C5 RYD 
B76 CI31A X B372 RYD 
B77 BSll LSC 
B79 BSIO RYD 
B84 BSSS(HT)C7 RYD 
B88 BS6(RC)C2 LSC 
B89 BSSS(R)C7 RYD 
B90 BSCBl(R)C7 LSC 
HlOO N28 X H91 RYD 
M017 187-2 X C103 LSC 
N28 Stiff Stalk Synthetic RYD 
0h8710^ 
Pa9l [(WF9 X Oh40B)S4] x 
{[L317 X 38-112)]S4} 
LSC 
Pa87 0 7 5F-5 X 0H43 LSC 
R177 Snelling Com Borer 
Synthetic 
LSC 
Va26 Oh43 X K155 LSC 
Va97 B73 X H84 RYD 
® Pedigree of this line unknown, although assumed to be LSC. 
^ RYD = Reid Yellow Dent; LCS = Lancaster Sure Crop. 
EE 
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Table 2. Genotypes and comparison type, for 36 comparisons between 
maize hybrids 
Genotype comparison Comparison type^ 
B77 X M017 vs. B90 X Va26 LTTTITI 
Va26 X M017 vs. B90 x Mol7 
Va26 X Mo 17 vs. B90 X Va26 
TIT.TIT. - CP 
IJIT.T. - CP 
B89 X Va26 vs. B90 X Mol7 
B76 X B88 vs. B90 x Mol7 
RLLL 
Va97 X Mo17 vs. BBS X Mo17 
B73 X B90 vs. B90 x Mol7 
B89 X M017 vs. B88 x Mol7 
RLLI. CP 
RLLL - CP 
WT.T.T. CP 
B73 X Mo 17 vs. B77 X M017 RLLL -
B73 X M017 vs. M017 X 0h8710 RLLL -
B73 X B76 vs. B90 X Va26 RRLL 
B73 X B79 vs. M017 X 0h8710 RRLL 
B84 X N28 vs. B77 X Mo17 RRLL 
B84 X R177 vs. B89 X M017 RLRL 
B73 X Mo17 vs. B76 xB88 RLRL 
B73 X Va26 vs. B76 X Mol7 RLRL 
B73 X Va26 vs. B89 X MOl7 RLRL 
B73 X M017 vs. B84 X R177 RLRL 
B73 x Mol7 vs. 
B73 X Mol7 vs. 
B73 X Mo17 VS^ 
Va97 X Mol7 vs 
B73 X Va26 vs. 
B73 X B88 vs. 
B73x Mol7 vs. 
B73 X B88 
B79 X M017 
B73 X 0h8710 
B89 X M017 
B73 X Pa87 0 
B76 X B88 
B76 X Mol7 
RLRL - CP 
RLRII - CP 
RIIRL - CP 
RLRI - CP 
RLRL - CP 
RDRL - CP 
RLKL - CP 
B73 X Mol7 vs. B73 X M017 RLRL - 2CP 
B73 X B89 vs. B76 X B88 
B73 X B84 vs. HlOO X M0l7 
B84 X N28 vs. B73 x B88 





B76 X B84 vs. B76 x B88 
B73 X B84 vs. B73 x Pa91 
B73 X M017 vs. B73 X B89 
RERL - CP 
RRKL - CP 
RRRL - CP 
B73 X B89 vs. B84 x N28 RRSR 
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Table 2. (continued) 
B73 X B84 vs. B84 x N28 
B73 X B84 vs. B73 X B79 
RRRR - CP 
RRRR - CP 
^ TJiTiTi = comparisons between hybrids of Lancaster Sure Crop-type (LSC) 
parents with no common parents; 
T.iTiTiTi - CP = comparisons between hybrids of LSC parents with one common 
parent among the hybrids; 
RLLL = comparisons between hybrids of Reid Yellow Dent (RYD) 
genrç)lasm by LCS gennplasm versus hybrids of LCS parents with 
no common parents among the hybrids; 
RLLL - CP = comparisons between hybrids of RYD gennplasm by LCS 
germplasm versus hybrids of LCS parents with one common 
parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of 
LSC parents; 
RLRL = comparisons between hybrids of RYD by LSC parents with no 
common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent ; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of 
RYD by LSC parents with no common parents; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by LSC parents with one common parent; 
RRRR = con^arisons between hybrids of RYD parents with no common 
parents; 
RRRR - CP = comparisons between hybrids of RYD parents with one common 
parent. 
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thinned to 61,234 plants/ha. Stands were determined at the V8 through 
VIO growth stages as the number of plants per plot. 
Data were collected for eight traits: grain yield per plot 
(adjusted to 15.5 % moisture), percent stalk lodging (number of plant 
broken below the primary ear node divided by stand per plot) , percent 
root lodging (number of plants leaning greater than 30® from vertical 
divided by stand per plot), and percent dropped ears (number of dropped 
ears divided by stand per plot). Data were collected at all locations. 
Plant and ear heights were determined in cm from the average of ten 
competitive plants measured from ground level to the flag leaf node and 
the primary ear node, respectively, at all six lA locations. Time from 
date of planting to pollen shed was measured in both days and growing 
degree days at the Agronomy and Agricultural Engineering Research Center 
near Ames, lA and the Atomic Energy Farm test site in Ames, lA. 
Statistical Analysis 
An initial combined analysis of variance on an entry basis for all 
traits was conducted to assess the overall precision of the experiment. 
Separate analyses also were conducted on each cultivar type (hybrids, 
hybrids selfed, and hybrid x hybrid crosses). 
Genetic diversity values for each coinparison set were calculated 
according to the ecpiation suggested by Troyer et al. (1983): 
GDV = 1 - ((H - C) / (H - S)), 
where GDV equals genetic diversity value, H equals the average 
performance of the two hybrid entries being compared, C equals the 
performance of the hybrid x hybrid cross entry, and S equals the average 
performance of the selfs of the hybrids being compared. 
Due to the presence of undefined (H - S = 0) values for days to 
anthesis, growing degree days to anthesis, grain moisture at harvest, 
root lodging, stalk lodging, and dropped ears, only data for grain 
yield, plant height, and ear height were analyzed. Analysis of variance 
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was conducted on the randomized complete block experiment at each 
environment according to the linear model: 
Yij = n + Ri + Cj + eij; 
where Yij = the observed GDV value of comparison set j of replication i; 
|i = the overall GDV mean; 
Ri = the random effect of replication i (i = 1,2); 
Cj = the fixed effect of comparison set j {j = 1,2, 36); and 
eij = the random error associated with comparison set j of replication 
i. 
The combined analysis of variance was conducted according to the 
following linear model; 
Yijk = P + Ei + R(i)j + Ck + (EOik + e(i) jx; 
where Yijk = the observed value of genotype k in replication i within 
environment i; 
ji = the overall mean; 
Ei = the effect of environment i (i = 6 or 7, depending on trait); 
R(i)j = the effect of replication j (j = 1, 2) within experiment i; 
Ck = the effect of comparison set k (k = l, 2, —, 36); 
(EC) ik = the interaction effect of comparison set k in environment i; 
and 
S(i) jk = the random error associated with comparison set k in 
replication i of experiment i. 
The comparison source of variation was partitioned into seven 
subdivisions (among groups, within LLLL group, within RT,r,r, group, within 
RRLL group, within RLRL group, within RRRL group, and within RKRR group) 
because of the presence of unequal common parentage and inbred 
background. 
In the combined analysis of variance, environments were considered 
random and comparison sets were considered fixed effects- Subdivisions 
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of the comparison set source of variation were tested against the entire 
comparison set x environment interaction term. 
Genetic diversity values also were calculated on the basis of 
treatment means by averaging entries across environments and 
replications and then applying the GDV formula (Smith and Smith, 1992). 
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RESULTS 
Pertinent results of the analysis of variance on an entry basis 
and siibdivis ions are included in Table 3. Means for grain yield were 
lower than expected, while coefficients of variation were higher than 
expected. Means for plant and ear height were also lower than expected 
although coefficients of variation reflected more precise estimation 
thcin for grain yield. Drought contributed to the lower grain yields, 
plant heights, and ear heights withinin each cultivar category. The 
higher than normal coefficients of variation for grain yield may have 
been caused by a reduction in the means of each cultivar category and an 
increase in experiment x cultivar interaction relative to non-drought 
years. 
Results of the analysis variance of genetic diversity values for 
grain yield (GYGDVI), plant height (PHGDVI), and ear height (EHGDVI) are 
presented in Tables 4 through 6. For grain yield (Table 4), differences 
among experiment means were highly significant. The comparisons source 
of variation was highly significant, as well as the among group, within 
RLLL, and within RLRL subgroups. The experiment x comparison interaction 
was not significant. The ejqperiment x comparison and the error sums of 
squares each accounted for approximately 33% of the total sums of 
squares. The coefficient of variation of 84.5% was 3.7 times higher than 
when individual entries were analyzed. 
For plant height and ear height, only two subgroups within the 
comparison source of variation (within RLLL and within RRRL) were 
significant (Table 5). The experiment x comparison interaction was not 
significant. Experiment x comparison and error sums of squares were 
similar, each accounting for approximately 43% of the total variation. 
The coefficient of variation of 639% was 125 times higher than when 
individual entries were analyzed. 
Similar to plant height, only two subgroups within the comparison 
source of variation (within RRLL and within RRRL) for ear height were 
significant (Table 6) . The experiment x conparison interaction was not 
significant. Experiment x comparison and error sums of squares were 
Table 3. Grain yield, plant height, and ear height means and coefficients of variation from the 









n mean c.v. 
Ear 
height 
n mean c.v. 
Mg/ha % Mg/ha % Mg/ha % 
Hybrids 1007 7.71 17.4 864 198.14 4.7 864 98.72 6.4 
Hybrids 
selfed 1005 4.21 27.8 864 184.05 5.4 864 91.52 8.2 
Hybrid x 
hybrid cross 504 6.50 21.3 432 194.25 5.2 432 95.45 8.6 it' o 
Total 2516 6.07 22.4 2160 191.7 5.1 2160 95.19 7.6 
Table 4. Combined analysis of variance of genetic diversity values for grain yield based on 
comparison set means (GYGDVI) 
Source of variation d.f. S.S. Mean square (E) M. S. F Pr > F 
Total 503 222.21 
Experiment 6 8.35 1.39 + 72a2g 4.37 0.0003*** 
Replicat ion|Experiment 7 1.53 0.21 CT2 + BSa^RiE 0.69 0.6840 
Comparison 35 57 .26 1.63 CT2 + + 14ECi2 4.46 0.0001*** 
among groups 5 22.34 4.46 12.19 0.0001*** 
within LLLL 2 2.04 1.02 2.80 0.0631 
within RLLL 6 8.70 1.47 4.03 0.0008*** 
within RRLL 2 0.46 0.23 0.64 0.5283 
within RLRL 12 19.22 1.60 4.37 0.0001*** 
within RRRL 6 3.91 0.65 1.78 0.1046 
within RRRR 2 0.61 0.30 0.84 0.4316 
Experiment x Comparison 210 7 6.97 0.36 CT2 + 2a^cE 1.15 0.1459 
Error 245 7 8.09 0.31 02 
Mean = 0.6604 
C. V. = 84.46 
*, **, ***, refer to significance at the 0.05, O.Ol, O.OOl probability levels, respectively. 
Table 5. Combined analysis of variance of genetic diversity values for plant height based on 
comparison set means (PHGDVI) 
Source of variation d. f. S.S. Mean square (E) M. S. Pr > F 
Total 431 5340.41 
Experiment 5 44.55 
Replication I Experiment 6 42.06 
Comparison 35 609.36 
among groups 5 92.04 
within LLLL 2 7.21 
within RLLL 6 242.09 
within RRLL 2 1.7 0 
within RLRL 12 16.57 
within RRRL 6 250.21 
within RRRR 2 1.11 
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Error 210 2307.23 10.98 a2 
Mean = 0.519 
C. V. = 639.00 
*, **, ***, refer to significance at the 0.05, O.Ol, O.OOl probability levels, respectively. 
Table 6, Combined analysis of variance of genetic diversity values for ear height based on 
comparison set means (EHGDVI) 
Source of variation d.f. S.S. Mean square (E) M. S. F Pr > F 
Total 431 30600.73 
Experiment 5 497 .33 99.46 (T2 + 72a2g 1.42 0.2186 
Replication I Experiment 6 525.69 87.61 + 36(T^R|E 1.25 0.2821 
Comparison 35 2629.90 75.14 a2 + 2a2cE + 12ZCi2 1.08 0.3681 
among groups 5 160.37 32.07 0.46 0.8056 
within LLLL 2 38.83 19 .41 0.27 0.7637 
within RLLL 6 93.91 . 15.65 0.22 0.9700 
within RRLL 2 453.22 226.61 3.24 0.0415* 
within RLRL 12 120.45 10.03 0.14 1.000 
within RRRL 6 1760.99 293.49 4.20 0.0006*** 
within RRRR 2 2.10 1.05 0.02 0.9802 
Experiment x Comparison 17 5 12228.82 69.87 a2 + 2CT2CE 1.00 0.5066 
Error 210 14718.97 7 0.09 
Mean = 0.720 
C. V. = 1163.55 
*, **, ***, refer to significance at the 0.05, 0.01, 0.001 probability levels, respectively. 
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similar, each accounting for approximately 43% of the total variation. 
The coefficient of variation of 1164% was 153 times higher than when 
individual entries were analyzed. 
The comparison source of variation and its subgroups at each 
location are given in Tables 7 through 9. For grain yield (Table 7), the 
overall comparison source of variation was significant at 57.1% of the 
locations (Ames, Crawfordsville, Atomic Energy Farm, and Dekalb). The 
among groups subgroups was significant at 85.7% of the locations. The 
within T.T.T.T., RLLL, RRLL, RLKL, RJRRL, and RKKR subgroups were significant 
at 28.6, 28.6, 0, 57.1, 42.9 and 14.3% of the locations respectively, 
within locations. Atomic Energy Farm, and Dekalb had the highest 
percentage of significant subgroups (71.4%). At Ames, 42.9% of the 
subgroups were significant. At the remaining locations, only 14.3% to 
28.5% of the subdivisions of the comparison source of variation were 
significant. 
For plant height, the overall comparison source of variation was 
significant only at the Atomic Energy Farm (Table 8) . The among groups 
subdivision was significant at 28.6% of the locations. The within LLLL, 
RLLL, RRLL, RLRL, RRRL, and RRRR subgroups were significant at 14.3%, 
42.9%, 14.3%, 14.3%, 42.9%, and 14.3% Of the locations, respectively. 
Within locations. Atomic energy had the highest percentage of 
significant subdivisions (85.7%). All remaining locations, only 14.3% 
of the subdivisions of the comparison source of variation were 
significant, with the exception of Crawfordsville which had 28.6%. 
The overall comparison source of variation was significant only at 
Crawfordsville for ear height (Table 9). The among groups subdivision 
was significant at 14.3% of the locations. The within LLLL, RLLL, RRLL, 
RLRL, RRRL, and RRRR. subgroups were significant at 0, 0, 14.3%, 28.6%, 
14.3%, and 0% of the locations, respectively. Each location, with the 
exception of Atomic energy, had one significant subgroup. 
Genetic diversity values for grain yield, plant height, and ear 
height were calculated by two different methods. The first method is 
based on individual comparison set means (GYGDVI, PHGDVI, EHGDVI). The 
second method is based on averaging entries over environments and 
Table 7. Statistical significance of comparisons source of variation and subdivisions in the analysis 
of variance for grain yield genetic diversity values (GYGDVI) by location 
Subdivision of 
source of Location 
variation Kenawha Ames Ankeny Crawfordsville Martinsburg Atomic energy DeKalb 
Comparison N.S.a **  N.S. **  N.S. ***  ***  
among groups N.S. **  *  *  **  ***  ***  
within LLLL N.S. ** N.S. N.S. N.S. N.S. *  
within RLLL N.S. N.S. N.S. N.S. N.S. **  *  
within RRLL N.S. N.S. N.S. N.S. N.S. N.S. N.S. 
within RLRL *  N.S. N.S. **  N.S. ***  ***  
within RRRL N.S. *  N.S. N.S. N.S. ***  ***  
within RRRR N.S. N.S. N.S. N.S. N.S. *  N.S. 
^ refers to not significant. 
*, **, ***, refer to significance at the 0.05, 0.01, 0.001 probability levels , respectively. 
Table 8. Statistical significance of comparisons source of variation and subdivisions in the 
analysis of variance for plant height genetic diversity values (PHGDVI) by location 
Subdivision of 
source of Location 
variation Kenawha Ames Ankeny Crawfordsville Martinsburg Atomic energy 
Comparison M.S.a N.S. N.S. N.S. N.S. *** 
among groups N.S. N.S. N.S. * *  N.S. * * *  
within LLLL N.S. N.S. N.S. N.S. N.S. *  
within RLLL N.S. * * *  N.S. N.S. * *  * *  
within RRLL N.S. N.S. N.S. N.S. N.S. *  
within RLRIJ N.S. N.S. N.S. N.S. N.S. *  
within RRRL *  N.S. * * *  *  N.S. N.S, 
within RRRR N.S. N.S. N.S. N.S. N.S. *  
^ refers to not significant. 
**, ***, refer to significance at the 0.05, 0.01, 0.001 probability levels, respectively. 
Table 9. Statistical significance of comparisons source of variation and subdivisions in the 





variation Kenawha Ames Ankeny Crawfordsville Martinsburg Atomic energy 
Comparison N.S.a N.S. N.S. * * *  N.S. N.S. 
among groups *  N.S. N.S. N.S. N.S. N.S. 
within LLLL N.S. N.S. N.S. N.S. N.S. N.S. 
within RLLL M.S. N.S. N.S. N.S. N.S. N.S. 
within RRLL N.S. *** N.S. N.S. N.S. N.S. 
within RLRL N.S. N.S. N.S. *** *  N.S. 
within RRRIi N.S. N.S. **  N.S. N.S. N.S. 
within RRRR N.S. N.S. N.S. N.S. N.S. N.S. 
® refers to not significant. 
*, **, ***, refer to significance at the 0.05, O.Ol, 0.001 probability levels, respectively. 
48 
replications and then applying the GDV equation (GYGDVII, PHGDVII, 
EHGDVII). 
Genetic diversity values for grain yield, calculated by both 
methods, are presented in Table 10. Individual comparison set means 
(GYGDVI) ranged from -0.046 to 1.123 while those based on entry means 
(GYGDVII) ranged from -0.01 to 1.097. For both GYGDVI and GYGDVII the 
lowest GDV means were for the comparison of identical hybrids {B7 3 x 
Mol7 vs. B7 3 X Mol7). The most diverse subgroup for both GYGDVI and 
GYGDVII was RRRL with means of 1.030 and 0.991, respectively. Successive 
addition of Reid Yellow Dent germplasm above 50% limited the 
discriminatory ability of GYGDVI and GDVII to detect comparisons 
involving a common parent. In theory GDV values range from zero to one. 
However, among these comparisons, 25% (nine of 36; two value below 0, 
and seven values above one) of the GYGDVI and 16.7% (six of 36; one 
value below zero, and five values above one) of the GYGDVII means fell 
outside the theoretical range. Six of the means falling outside the 
theoretical range were common to both methods. For GYGDVI, the standard 
error of a comparison mean was 0.16. Due to the manner in which GYGDVII 
is calculated, standard errors are not available. Overall, GYGDVI and 
GYGDVII were highly correlated (r = 0.94**) with an average per 
comparison bias of 1.6%. 
Genetic diversity values for plant height, calculated by both 
methods, are presented in Table 11. Individual comparison set means 
(PHGDVI) ranged from -4.081 to 1.771 while those based on entry means 
(PHGDVII) ranged from -0.05 to 1.412. Both PHGDVI and PHGDVII failed to 
identify the comparison of identical hybrids {B73 x Mol7 vs. B73 x Mo17) 
as the least diverse comparison. PHGDVI identified the comparison of B89 
X M017 vs. B88 x Mo 17 as the least diverse, while PHGDVII identified B73 
x Mol7 vs. B73 X Oh87lO as the least diverse. Both methods identified 
B77 X Mo 17 vs. B90 X Va26 as the most diverse comparison. The least 
diverse subgroup for PHGDVI was RRRL - CP, while the least diverse 
subgroup for PHGDVII was RIjRL - 2CP with means of -0.665 and -0.002, 
respectively. Among comparisons for plant height, 41.7% (fifteen of 36; 
five values below zero, ten values above one) of the PHGDVI, and 27.8% 
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Table 10. Comparison of individual and within group mean grain yield 
genetic diversity values based on comparison set means 
(GYGDVi) vs. those based on entry means (GYGDVII) 
Genotype comparison GYGDVI GYGDVII 
T.T.T.T.S 
B77 X Mo 17 VS. B90 X Va26 0.961  0 .946  
LTjTiIj mean = 0.961  0 .946  
LLLL - CP 
Va26 X Mol7 vs. B90 x Mo17 0.547 0.531 
Va26 X Mol7 vs. B90 x Va26 0.452 0.446 
LLLL - CP mean = 0.500 0.489 
Overall LLLL mean = 0.653 0.641 
•PT.T.T, 
B89 X Va26 vs. B90 x Mo17 0.902 0.828 
B76 X B88 vs. B90 x Mol7 1.064 1.034 
RLLL mean = 0.983 0.931 
RLLL - CP 
Va97 X Mo 17 vs. B88 x Mo17 0.205 0.429 
B73 X B90 vs. B90 x Mo17 0.358 0.429 
B89 X Mo 17 vs. B88 x Mo17 0.409 0.406 
B73 X M017 vs. B77 x Mol7 0.476 0.469 
B7 3 X Mo 17 vs. Mo 17 x 0h8710 0.291 0.309 
RLLL - CP mean = 0.348 0.408 
Overall RLLL mean = 0.529 0.558 
B73 X B76 vs. B90 x Va26 0.866 0.843 
B73 x B79 vs. Mo 17 x 0h8710 0.881 0.881 
B84 X N28 vs. B77 X Mol7 1.097 1.07 9 
Overall RLLL mean = 0.948 0.934 
•RT.RT.i 
B84 X R177 vs. B89 x Mo17 0.854 0.829 
B73 X Mo 17 vs. B76 x B88 0.878 0.878 
B73 X Va26 vs. B76 x Mo17 0.770 0.710 
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Table 10. (continued) 
B7 3 X Va26 vs. B89 x No17 0.77 3 0.73 8 
B73 X Mo 17 vs. B84 x R177 0.774 0.734 
RLRL mean = 0.810 0.77 8 
RT..RT. - CP 
B73 x MO 17 VS. B73 X B88 0.693 0.581 
B73 X MO17 vs. B79 X Mol7 0.246 0.338 
B73 X M017 vs. B73 X 01l8710 0.094 0.115 
Va97 X M017 vs. B89 x M0l7 0.384 0.392 
B7 3 X Va26 vs. B7 3 x Pa87 0 0.493 0.463 
B73 x B88 vs. B76 X B88 -0.014 0.512 
B73 X M017 vs. B76 X Mol7 0.282 0.295 
RLRL - CP mean = 0.311 0.414 
RI.RT, - 2CP 
B73 X MO 17 vs. B73 X Mo17 -0.046 -0.010 
RLRL - 2CP mean = -0.046 -0.010 
Overall RLRL mean = 0.475 0.521 
RRRL 
B73 X B89 VS. B76 x B88 1.122 1.097 
B7 3 X B84 vs. HlOO x Mo17 1.051 1.005 
B84 X N28 vs. B73 x B88 1.025 0.971 
B76 x B84 vs. B73 X B88 0.920 0.889 
RRRL mean = 1.030 0.991 
%RRT, - CP 
B76 X B84 vs. B76 x B88 0-905 0.845 
B7 3 X B84 vs. B73 X Pa91 1.123 0.950 
B73 X Mo 17 VS. B73 X B89 0.501 0.496 
RRRL - CP mean = 0.843 0.7 64 
Overall RRRL mean = 0.950 0.893 
RRRR 
B7 3 X B89 VS. B84 x N28 






Table 10. (continued) 
- pp 
B73 X B84 vs. B84 x N28 





RRRR - CP mean = 





S. E 0.162 





r = .94** 
^ LLLL = comparisons between hybrids of Lancaster Sure Crop-type (LSC) 
parents with no common parents; 
LLLL - CP = comparisons between hybrids of LSC parents with one 
common parent among the hybrids ; 
RLLL = comparisons between hybrids of Reid Yellow Dent (RYD) 
gennplasm by LCS gennplasm versus hybrids of LCS parents with 
no common parents among the hybrids; 
RLLL - CP = comparisons between hybrids of RYD gennplasm by LCS 
germplasm versus hybrids of LCS parents with one common 
parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of 
LSC parents; 
RLRL = comparisons between hybrids of RYD by LSC parents with no 
common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent ; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids ; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of 
RYD by LSC parents with no common parents ; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by LSC parents with one common parent; 
RRRR = comparisons between hybrids of RYD parents with no common 
parents; 
RRRR - CP = comparisons between hybrids of RYD parents with one common 
parent. 
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Table 11. Comparison of individual and within group mean plant height 
genetic diversity values based on comparison set means 
(PHGDVI) vs. those based on entry means (PHGDVII) 
Genotype comparison PHGDVI PHGDVII 
llll^ 
B77 X M017 vs. B90 x Va26 1.771 1.412 
TiTiTiTi mean = 1.771 1.412 
LLT.T. - CP 
Va26 X Mol7 vs. B90 x Mol7 0.525 0.624 
Va26 X M017 vs. B90 x Va26 1.450 0.995 
LLLL - CP mean = 0.988 0.810 
Overall LLLL mean = 1.157 l.OlO 
•RT.T.T. 
B89 X Va26 vs. B90 x Mol7 1.070 1.068 
B76 X B88 vs. B90 x Mol7 0.911 0.930 
RLLL mean = 0.991 0.999 
RTiTiTi - CP 
Va97 X Mo 17 vs. B88 x Mo17 -0.469 0.204 
B73 X B90 vs. B90 x Mol7 0.513 0.579 
B89 X Mo 17 vs. B88 X Mol7 -4.081 0.195 
B73 X M017 vs. B77 X Mol7 0.901 0.615 
B73 X Mo 17 vs. Mo 17 x 0h8710 0.445 0.428 
RLLL - CP mean = -0.538 0.404 
Overall RLLL mean = -0.088 0.574 
•RBT.T, 
B73 X B76 vs. B90 x Va26 1.374 1.335 
B73 X B79 vs. M017 x 0h8710 1.202 1.159 
B84 X N28 vs. B77 X M017 1.725 1.392 
Overall RRLL mean = 1.434 1.295 
B84 X R177 vs. B89 X Mol7 0.970 0.916 
B73 X Mo17 vs. B76 X B88 0.370 0.439 
B7 3 X Va26 vs. B7 6 x Mo17 0.857 0.897 
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Table 11. (continued) 
B73 X Va26 vs. B89 x Mol7 0.825 0.829 
B73 X M017 VS. B84 X R177 0.778 0.736 
RLRL mean = 0.760 0.763 
RLRL - CP 
B73 X Mo17 vs. B73 X B88 0.093 0.180 
B73 X Mo17 vs. B79 X Mol7 0.560 0.505 
B7 3 X Mo 17 VS. B7 3 X 0118710 -0.063 -0.050 
Va97 X M017 vs. B89 x Mol7 0.594 0.591 
B73 X Va26 vs. B73 X Pa870 0.616 0.562 
B73 X B88 vs. B76 x B88 0.371 0.453 
B73 X M017 vs. B76 X Mol7 0.231 0.228 
RLRXi - CP mean = 0.343 0.353 
RLRT, - 2 CP 
B7 3 X Mo 17 vs. B7 3 X Mol7 -0.003 -0.002 
RliRL - 2CP mean = -0.003 -0.002 
Overall RLRL mean = 0.481 0.483 
•RRRL 
B73 X B89 vs. B76 x B88 0.968 0.637 
B7 3 X B84 vs. HlOO X Mol7 1.908 1.393 
B84 X N28 vs. B73 x B88 0.778 0.753 
87 6 X B84 vs. B7 3 X B88 0.492 0.417 
RRRL mean = 1.037 0.800 
RRRL - CP 
B76 X B84 vs. B76 X B88 0.620 0.761 
B7 3 X B84 vs. B7 3 x Pa91 1.169 0.995 
B73 X Mo 17 vs. B73 X B89 -3.785 0.361 
RRRL - CP mean = -0.665 0.7 06 
Overall RRRL mean = 0.308 0.760 
RRRR , 
B73 X B89 vs. B84 x N28 1.001 1.019 
RRRR mean — 1.001 1.019 
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Table 11. (continued) 
rrrr - cp 
B73 X B84 vs. B84 x 1128 





RKRR - CP mean = 











r = 0.63* 
^ LIJLL = comparisons between hybrids of Lancaster Sure Crop-type (LSC) 
parents with no common parents; 
LLLL - CP = comparisons between hybrids of LSC parents with one common 
parent among the hybrids ; 
RLLL = comparisons between hybrids of Reid Yellow Dent (RYD) 
germplasm by LCS germplasm versus hybrids of LCS parents with 
no common parents among the hybrids; 
RLLL - CP = comparisons between hybrids of RYD germplasm by LCS 
germplasm versus hybrids of LCS parents with one common 
parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of 
LSC parents; 
RLRL = comparisons between hybrids of RYD by LSC parents with no 
common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of 
RYD by LSC parents with no common parents; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by LSC parents with one common parent; 
RRRR = comparisons between hybrids of RYD parents with no common 
parents; 
RRRR - CP = comparisons between hybrids of RYD parents with one common 
parent. 
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(ten of 36; two values below zero, eight values above one) of the 
PHGEVII means were outside the theoretical range of 0 - 1. Ten of the 
means falling outside the theoretical range were common to both methods. 
For PHGDVI, the standard error of a comparison mean was 1.05. Due to the 
manner in which PHGDVII is calculated, standard errors are not 
available. Overall, PHGDVI and PHGDVII were moderately correlated (r = 
0.63**) with an average per comparison bias of -27,4%. 
Genetic diversity values for ear height, calculated by both 
methods, are presented in Table 12. Individual comparison set means 
(EHGDVI) ranged from -5.264 to 12.7 81 while those based on entry means 
(EHGDVII) ranged from -0.674 to 1.602. Both EHGDVI and EHGDVII failed to 
identify the comparison of identical hybrids (B73 x Mol7 vs. B7 3 x Mol7) 
as the least diverse comparison. EHGDVI identified the comparison of B73 
X B76 vs. B90 X Va26 as the least diverse, while EHGDVII identified B73 
X M017 vs. B79 X Mol7 as the least diverse. EHGDVI identified the 
comparison of B7 3 x Mol7 vs. B73 x B89 as most diverse, while EHGDVII 
identified B73 x B76 vs. B90 x Va26 as the most diverse. Ironically, the 
comparison of B73 x B7 5 vs. B90 x Va26 was identified as least diverse 
by EHGDVI, and most diverse by EHGDVII. Among comparisons for ear 
height, 63.8% (23 of 35; eleven below zero, and twelve above one) of the 
EHGDVI, and 41.7% (fifteen of 36; five below zero, and ten above zero) 
of the EHGDVII means fell outside the theoretical range. Thirteen of the 
means falling outside the theoretical range were common to both methods. 
For EHGDVI, the standard error of a comparison mean was 31.92. Due to 
the manner in which EHGDVII is calculated, standard errors are not 
available. Overall, EHGDVI and EHGDVII were not correlated (r = 0.15) 
with an average per comparison bias of 20.4%. 
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Table 12. Comparison of individual and within group mean ear height 
genetic diversity values based on comparison set means 
(EHGDVI) vs. those based on entry means (EHGDVII) 
Genotype comparison EHCDVI EHGDVII 
T.T.T.T.a 
B77 X M017 vs. B90 X Va26 1.771 1.364 
LLLL mean = 1.771 1.364 
TiTiTiTi - TP 
Va26 X Mo 17 vs. B90 X M017 0.17 3 0.541 
Va26 X M017 vs. B90 X Va26 -0.7 43 0.940 
LLLL - CP mean = -0.570 0.741 
Overall LLLL mean = 1.201 0.948 
PT.T.T. 
B89 X Va26 vs. B90 x Mol7 1.360 0.964 
B76 x B88 vs. B90 x Mo17 0.660 0.639 
RLLL mean = l.Ol 0.802 
- rp 
Va97 X Mol7 vs. B88 x Mol7 -0.185 -0.032 
B73 X B90 vs. B90 X Mo 17 2.774 0.427 
B89 X Mol7 vs. B88 x Mol7 -0.776 -0.227 
B73 X M017 vs. B77 X Mol7 0.694 0.623 
B73 X M017 vs. M017 x 0h8710 0.353 0.428 
RLLL - CP mean = 0.577 0.244 
Overall RLLL mean = -0.088 0.574 
B73 X B7 6 vs. B90 x Va26 -5.264 1.6 02 
B73 X B79 vs. M017 X 0h8710 1.180 1.176 
B84 X W28 vs. B77 X Mol7 3.008 1.104 
Overall RRLL mean = -0.359 1.294 
RLRI. 
B84 X R177 vs. B89 x Mol7 0.840 0.813 
B73 X Mol7 vs. B76 x B88 0.881 1.020 
B73 X Va25 vs. B76 X Mol7 0.639 1.267 
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Table 12. (continued) 
B73 X Va26 vs. B89 x Mo17 0.889 0.829 
B73 X Mo17 vs. B84 x R177 1.071 0.976 
RLRIJ mean = 0.864 0.981 
RLRL - CP 
B73 X M017 vs. B73 x B88 -1.885 -0.457 
B73 X M017 vs. B79 X M0l7 -0.602 -0.674 
B73 X Mol7 vs. B73 X 0h8710 1.067 -0.550 
Va97 X Mo 17 vs. B89 x Mol7 0.368 0.597 
B73 X Va26 vs. B73 X Pa87 0 0.377 0.329 
B73 X B88 vs. B76 x B88 1.707 0.092 
B73 X M017 vs. B76 x Mo17 0.012 0.202 
RLRL - CP mean = 0.149 -0.066 
PLRI, - 7. CP 
B73 X M017 VS. B73 X M017 -0.184 -0.043 
RLRL - 2CP mean = -0.184 -0.043 
Overall RLRL mean = 0.398 0.339 
RRRT. 
B73 X B89 VS. B76 x B88 -0.044 0.408 
B73 X B84 vs. HlOO x Mol7 1.338 1.358 
B84 X N28 vs. B73 x B88 -1.587 0.077 
B76 X B84 vs. B73 x B88 -0.054 0.138 
RRRL mean = -0.087 0.495 
- CP 
B76 X B84 vs. B76 X B88 -0.726 0.132 
B73 X B84 vs. B73 x Pa91 0.668 0.679 
B73 X M017 vs. B73 X B89 12.781 0.211 
RRRL - CP mean = 4.241 0.341 
Overall RRRL mean = 1.7 68 0-429 
B73 X B89 vs. B84 x N28 1.097 1.123 
RRRR mean = 1.097 1.123 
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Table 12. (continued) 
RKRR - CP 
B73 X B84 vs. B84 X N28 





RKRR - CP mean = 











r = 0.15 
^ LLLL = comparisons between hybrids of Lancaster Sure Crop-type (LSC) 
parents with no common parents; 
LLLL - CP = comparisons between hybrids of LSC parents with one common 
parent among the hybrids; 
RLLL = conçsarisons between hybrids of Reid Yellow Dent (RYD) 
germplasm by LCS germplasm versus hybrids of LCS parents with 
no common parents among the hybrids; 
RLLL - CP = comparisons between hybrids of RYD germplasm by LCS 
germplasm versus hybrids of LCS parents with one common 
parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of 
LSC parents; 
RLRL = comparisons between hybrids of RYD by LSC parents with no 
common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids ; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of 
RYD by LSC parents with no common parents; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by LSC parents with one common parent; 
RRRR = comparisons between hybrids of RYD parents with no common 
parents ; 




Researchers have recognized that heterosis expressed among crosses 
of genetically diverse cultivars was greater than that expressed among 
crosses of closely related cultivars {Richey, 1922). By observing the 
relationship of pedigree and combining ability of various lines over 
time, maize breeders were able to establish the concept of heterotic 
groups. The most exploited heterotic pattern involves crosses of 
material originally derived from Reid Yellow Dent open-pollinated 
variety by material originally derived from Lancaster Sure Crop open-
pollinated variety. Although the recognition and use of heterotic 
patterns has contributed greatly to hybrid maize improvement, 
classification of lines into either Reid Yellow Dent or Lancaster Sure 
Crop groups sometimes can be arbitrary (Hallauer et al., 1988). A recent 
example was reported by Gerdes and Tracy (1993). They reported that 36 
of 37 inbred lines classified as Lancaster Sure Crop germplasm were 
actually comprised of 50% or more germplasm from other sources. Further, 
29 of the 37 lines actually contained some Reid Yellow Dent germplasm. 
Thus it seems that regardless of the exact amount of Reid Yellow Dent or 
Lancaster Sure Crop germplasm in a particular line, heterotic groups are 
an effective and useful classification. Therefore, lines used in this 
study were not classified strictly on the proportion of original Reid 
Yellow Dent and Lancaster Sure Crop germplasm they contained (Table l). 
Instead, lines were classified according to which heterotic group, Reid 
Yellow Dent of Lancaster Sure Crop, they generally express the greatest 
combining ability with. 
Combining ability, or more specifically heterosis, serves as the 
basis for the genetic diversity equation proposed by Troyer et al. 
(1983) . Genetic diversity values can be calculated on the basis of 
either individual comparison set means (GDVI) or entry means and then 
applying the GDV formula (GDVII). There are advantages to both methods. 
Calculating GDV s on an individual comparison set basis has the 
advantage of being amenable to analysis of variance, thereby giving 
estimates of experimental error, coinparison x environment interaction. 
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and, thus, tests for significant differences among comparison set means. 
The primary disadvantage of GDVI is that extreme individual values can 
adversely influence the mean. In contrast, calculating GDV's on the 
basis of entry means probably provides better estimates of the true GDV 
value but provides no estimation of experimental error or precision. 
The precision of GYGDVI seemed to be satisfactory (S.E. = 0.16, 
Table 10) and was consistent with that reported by Troyer et al. (1988). 
The coefficient of variation (Table 4) was higher in comparison with 
those obtained for conventional yield trials. However, because the 
experiment mean was less than one, coefficients of variation for GYGDVI 
will likely be higher. This is especially true when very similar hybrids 
are being compared and means approach zero. Both the standard errors and 
the coefficients of variation for PHGDVI and EHGDVI were extremely high 
(Tables 6, 7, 11 and 12) . 
A third method for calculating GDV's was proposed by Smith and 
Smith (1992). They suggested averaging entries over replications within 
each location, applying the GDV equation, and then using GDV means from 
each location as replications in the analysis of variance. They 
estimated standard errors of +/- 0.06 and a C.V. of 10%. This procedure, 
applied to these data, did not lower S.E.'s or C.V.'s appreciably (data 
not shown) . It should be emphasized, however, that the experiment 
conducted by Smith and Smith (1992) had three times the number of 
replications compared with current study. 
Better precision in estimating GYGDVI contributed to a more 
meaningful analysis of variance compared with the PHGDVI and EHGDVI 
analysis of variance. On an individual location basis, there were more 
numerous and consistent significant subdivisions of the comparisons 
source of variation when GYGDVI versus either PHGDVI or EHGDVI was 
analyzed (Tables 7 to 9). This trend was also evident for the combined 
analysis of variance (Tables 4 to 6). 
Coirç)arisons in this study were selected, in part, to produce a 
wide range of GDVI values. Thus, a significant comparison source of 
variation was expected. The among groups subdivision of the comparison 
source of variation was expected to show differences because of the 
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unequal representation of comparisons involving a common parent. The 
REÎRR and T'T'T.T. groups each contain 67% of comparisons involving common 
parents. Germplasm within each of these comparison sets was also of only-
one heterotic group. Therefore the conparisons in these sets were 
unlikely to significantly differ from one another. Members of the RKLL 
coiiç)arison group have no common parents and were all expected to have 
higher GDV's. No differences in GDVI were expected among coitqparisons 
within this group. The KLRL subdivision contained the greatest range of 
hybrid comparison types (no parent in common, one parent in common, and 
identical hybrids) and was expected to show differences. The extent of 
variation of comparisons within the T,T,T,R and RRKL subdi vis ions was 
unknown. In nearly every case, GYDVI fulfilled these expectation while 
PHGDVI and EHGDVI did not. It seems, therefore, that GYGDVI is more 
amenable to analysis of variance than are PHGDVI and EHGDVI. 
Stability across environments would be valuable characteristic for 
a field method of determining genetic diversity. Previous reports of the 
use of the GDV equation vary with respect to the magnitude of comparison 
by environment interaction. Troyer et al. (1988) reported significant 
comparison x environment interaction. In contrast. Smith and Smith 
(1992) reported no significant interaction. This study tended to support 
the conclusions of Smith and Smith (1992) because none of the GDVI 
methods showed significant comparison by environment interaction 
(Tables 4 to 6). 
Estimates of GDV based on traits other than grain yield have been 
largely discounted (Troyer et al., 1988). This study supports these 
conclusions. With the exception of GYGDVI, GYGDVII, PHGDVII, and 
EHGDVII, calculations of GDVI produces many undefined values (i.e. H - S 
= 0 in the GDV equation) and both GDVI and GDVII produce extreme values 
far outside the boundaries predicted by the GDV equation. Although 
PHGDVII and EHGDVII values seem reasonable they provide no measure of 
precision. In addition, they were more variable and less reliable with 
respect to pedigree. 
Studies have concluded that either GYGDVI or GYGDVII are accurate 
with regard to knowledge of the hybrid pedigrees being compared (Troyer 
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et al., 1988; Smith and Smith, 1989; Smith and Smith, 1992). However, 
these studies used exclusively proprietary material. Genetic diversity 
comparisons of open-pedigree hybrids by this method do not exist in the 
literature. The results of this experiment, however, imply that the 
relationship between hybrid pedigree and GYGDVI or GYGDVII is valid 
(Table 10). Both methods essentially identified the comparison of 
identical hybrids {B73 x Mol7 vs. B73 x Mol7) as having genetic 
diversity of zero. In addition, comparisons among hybrids sharing a 
common parent had an average value of 46% and 40% lower than comparisons 
not involving a common parent for GYGDVI and GYGDVII, respectively. The 
theory underlying the GDV equation predicts that comparisons involving a 
common parent will have a GDV mean 50% lower than the mean comparison 
among hybrids with parents in common only if the nonrecurrent parents 
are completely unrelated. This is clearly not the case for the 
comparisons included in this study. Although GYGDVI and GYGDVII were 
able to identify comparisons of hybrids with a common parent across all 
comparisons, successive additions of Reid material above 50% reduced the 
effectiveness in identifying common parent comparisons in these groups 
(KRRIj and RRRR) . 
Theory underlying the GDV equation implies that deviations from a 
value of 0.5 are due to the specific combining ability of the non-common 
parent (Troyer et al., 1988). Comparisons of hybrids within the KRRL and 
RRRR groups that had a parent in common had higher than expected GDV's. 
If the theory of GDV holds true, it would seem that the Reid Yellow Dent 
material used in this study had better combining ability than the 
Lancaster Sure Crop material used in this study. Breadth of the Reid 
Yellow Dent and Lancaster Sure Crop heterotic groups may play a role in 
determining the combining ability of lines derived from them. This idea 
is substantiated, in part, by a recent study by Gerdes et al. (1993). 
They concluded that the entire Lancaster Sure Crop heterotic group was 
derived esssentially from only two lines. In contrast, the Reid Yellow 
Dent heterotic group was derived from numerous, geographically distinct, 
substrains of the original Reid Yellow Dent open-pollinated variety. 
Therefore it seems that the extreme GYGDV values found in the RRRL-CP 
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anH RRRR-CP groups may be related to the overall diversity of the Reid 
Yellow Dent heterotic group. 
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CONCLUSIONS 
Genetic diversity values (GDVs) were estimated for 36 hybrid 
comparison sets that included different levels of Reid Yellow Dent and 
Lancaster Sure Crop germplasm. The following equation was used for 
detecting GDV among hybrids: 
GDV =1- ((H - C)/(H - S)), 
where GDV equals genetic diversity value, H equals the average 
performance of the two hybrids being compared, C equals performance of 
the hybrid-by-hybrid cross, and S equals the average performance of the 
selfed hybrids. In theory, GDVs should range from 0 (no diversity) to l 
(complete diversity). 
Calculations of GDV for grain yield by two different methods 
(based on an individual comparison set basis or on an entry mean basis) 
gave essentially the same GDVs and agreed well with hybrid pedigrees. In 
contrast, calculations of GDV for plant height and ear height by the two 
methods were not correlated, nor did they agree with hybrid pedigree. 
Remaining traits produced many extreme values and were of no predictive 
value. These results are in agreement with those of Troyer et al. (1988) 
who concluded that researchers should confine themselves to examining 
only grain yield because these values are more precise, more meaningful, 
and of more interest. 
Genetic diversity values for grain yield based on comparison set 
means has an advantage over those calculated on the basis of treatment 
means in that the GDVs can be analyzed statistically, thus providing an 
estimate of comparison by environment interaction and experimental 
error. Calculation of GDV by this method requires considerable 
replication (Troyer, et al., 1988) to obtain acceptable precision. 
Errors associated with this method are high. However, with high 
replication, GDVs for grain yield seem to be accurate and stabile across 
environments. 
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Estimates of precision or stability across environments are not 
available when GDVs are calculated on the basis of entry means (Smith 
and Smith, 1992). However, using this method produces fewer values which 
fall outside the theoretical range of GDVs (zero to one). Because both 
methods for determining GOV based on grain yield can be calculated from 
the same experiments, researchers would benefit from examining values 
based both on comparison set means and entry means. 
Both methods generally distinguish among hybrids with 0, 1, or 
both parents in common across all genetic backgrounds. Comparisons of 
identical hybrids by both methods produce GDVs of essentially zero. When 
averages of comparisons among hybrids with a common parent are compared 
with averages of comparisons among hybrids without a common parent, GDVs 
are reduced by approximately 45%. Considerable variation, however, can 
occur in GDVs for cougarisons including a common parent. When no parents 
are common to hybrids being compared, GDVs will range from roughly 0.7 0 
to 1.15 regardless of the genetic background of the hybrids being 
compared. When RLRL hybrids (the most conventional type of comparison 
set for commercial hybrids) are being compared, these general guidelines 
are very accurate. 
Exceptions to these general rules occur when hybrid comparison 
sets contain more than 50% Reid Yellow Dent germplasm and a common 
parent. When this material is compared, values exceeding 0.80 can be 
expected, particularly for REKR conçjarisons. Reasons for the deviation 
from a GDV of approximately 0.50 are unclear. Although this experiment 
involved a fixed set of hybrids, there is an implication that Reid 
Yellow Dent material may be more diverse than Lancaster Sure Crop 
material. While this conclusion is acknowledged by many commercial 
breeders, few studies concerning the breadth of Reid Yellow Dent and 
Lancaster Sure Crop heterotic groups have been conducted. However, 
Gerdes et al. (1993) concluded that the Lancaster Sure Crop heterotic 
group is considerably restricted and implied Reid Yellow Dent heterotic 
group was more diverse. 
While it seems that some deviations from pedigree information 
occur among non-convential hybrids, maize breeders who are interested in 
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genetic diversity based on grain yield inbreeding/heterosis may find GDV 
a useful criterion. 
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Table Al. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from Kenawha in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 1.01 0.66 
Comparison 35 2.07 1.36 
Among groups 5 1.98 1.30 
Within LLLL 2 0.09 0.06 
Within RLLL 6 1.77 1.16 
Within RRIJL 2 0.00 0.00 
Within RLRL 12 4.13 2.72* 
Within RRRL 6 0.31 0.21 
Within RRRR 2 0.19 0.13 
Error 35 1.52 
Experiment mean = 0.400 
Coefficient of variation = 308.780 
**, *** refer to significance at the 0.05, 0.01, and O.OOi probability levels, respectively. 
Table A2. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from Ames in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.01 0.12 
Comparison 35 0.23 2.40** 
Among groups 5 0.42 4.39** 
Within LLLL 2 0.65 6.69** 
Within RLLL 6 0.09 0.99 
Within RRLL 2 0.02 0.24 
Within RLRL 12 0.18 1.90 
Within RRRL 6 0.30 3.17* 
Within RRRR 2 0.01 0.18 
Error 35 0.09 
Experiment mean = 0.694 
Coefficient of variation = 45.01 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A3. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from Ankeny in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.10 0.60 
Comparison 35 0.28 1.69 
Among groups 5 0.57 3.44* 
Within LLLL 2 0.12 0.77 
Within RLLL 6 0.19 1.17 
Within RRLL 2 0.26 1.59 
Within RLRL 12 0.28 1.69 
Within RRRL 6 0.20 1.24 
Within RRRR 2 0.19 1.17 
Error 35 0.16 
Experiment mean = 0.561 
Coefficient of variation = 72.86 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A4. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from Crawfordsville in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.08 0.62 
Comparison 35 0.35 2.57** 
Among groups 5 0.47 3.42* 
Within LLLL 2 0.21 1.52 
Within RLLL 6 0.21 1.57 
Within RRLL 2 0.15 1.12 
Within RLRL 12 0,52 3.76** 
Within RRRIi 6 0.29 2.10 
Within RRRR 2 0.02 0.20 
Error 35 0.16 
Experiment mean = 0.77 0 
Coefficient of variation = 48.48 
**, *** refer to significance at the 0.05, 0.01, and O.OOl probability levels, respectively. 
Table A5. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from Martinsburg in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.31 1.65 
Comparison 35 0.28 1.46 
Among groups 5 0.72 3.75** 
Within LLLL 2 0.22 1.19 
Within RLLL 6 0.30 1.58 
Within RRLL 2 0.02 0.12 
Within RLRL 12 0.16 0.86 
Within RRRL 6 0.23 1.22 
Within RRRR 2 0.25 1.31 
Error 35 0.19 
Experiment mean = 0.764 
Coefficient of variation = 57.31 
*, **, *** refer to significance at the 0.05, 0.01, and O.OOl probability levels, respectively. 
Table A6. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from the Atomic Energy Farm in Ames, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.00 0.00 
Comparison 35 0.31 6.78*** 
Among groups 5 0.79 17.04*** 
Within LLLL 2 0.05 1.28 
Within RLLL 6 0.20 4.47** 
Within RRLL 2 0.04 0.88 
Within RLRL 12 0.26 5.76*** 
Within RRRL 6 0.30 6.51*** 
Within RRRR 2 0.19 4.11* 
Error 35 0.04 
Experiment mean = 0.755 
Coefficient of variation = 28.56 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A7. Analysis of variance of grain yield genetic diversity values based on comparison 
set means (GYGDVI) from DeKalb, IL in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.00 0.03 
Comparison 35 0.28 4.35*** 
Among groups 5 0.52 7.90*** 
Within LLLL 2 0.25 3.83* 
Within RLLL 6 0.15 2.39* 
Within RRLL 2 0.09 1.43 
Within RLRL 12 0.25 3.90*** 
Within RRRL 6 0.38 5,86*** 
Within RRRR 2 0.19 2.88 
Error 35 0.06 
Experiment mean = 0.7 34 
Coefficient of variation = 35.1097 
**, *** refer to significance at the 0.05, O.Ol, and O.OOl probability levels, respectively. 
Table A8. Analysis of variance of plant height genetic diversity values based on comparison 
set means (PHGDVI) from Kenawha, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.89 0.75 
Comparison 35 1.17 0.98 
Among groups 5 1.22 1.02 
Within LLLL 2 0.68 0.57 
Within RLLL 6 0.57 0.48 
Within RRIJL 2 0.01 0.02 
Within RLRL 12 0.69 0.58 
Within RRRL 6 3.60 3.00* 
Within RRRR 2 0.12 0.11 
Error 35 1.2005 
Experiment mean = 0.724 
coefficient of variation = 151.34 
**, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A9. Analysis of variance of plant height genetic diversity values based on comparison 
set means (PHGDVI) from Ames, IA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 31.80 0.92 
Comparison 35 41.17 1.19 
Among groups 5 37 .06 1.07 
Within LLLL 2 3.96 0.11 
Within RLLL 6 205.59 5.93*** 
Within RRLL 2 0.04 0.00 
Within RLRL 12 0.59 0.02 
Within RRRL 6 0.93 0.03 
Within RRRR 2 0.66 0.02 
Error 35 34.66 
Experiment mean = 0.194 
Coefficient of variation — 3034.36 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table AlO. Analysis of variance of plant height genetic diversity values based on comparison 
set means (PHGDVI) from Ankeny, lA in 1991 
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6.78*** 
0 . 0 0  -J vo 
Error 35 29 .24 
Experiment mean = -0.0430 
Coefficient of variation - -10000.00 
*, **, *** refer to significance at the 0.05, 0.01, and O.OOl probability levels, respectively. 
Table All. Analysis of variance of plant height genetic diversity values based on comparison 
set means (PHGDVI) from Crawfordsville, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.26 0.93 
Comparison 35 0.50 1.74 
Among groups 5 1.09 3.80** 
Within LLLL 2 0.24 0.84 
Within RLLL 6 0.20 0.71 
Within RRLL 2 0.08 0.29 
Within RLRL. 12 0.48 1.68 
Within RRRL 6 0.69 2.41* 
Within RRRR 2 0.10 0.37 
Error 35 0.28 
Experiment mean = 0.7 38 
Coefficient of variation = 72.72 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A12. Analysis of variance of plant height genetic diversity values based on comparison 
set means (PHGDVI) from Martinsburg, lA in 1991 
Source of variation d. f. Mean square P value 
Total 71 
Replication 2 0.13 0.32 
Comparison 35 0.60 1.41 
Among groups 5 0.90 2.11 
Within LLLL 2 0.66 1.53 
Within RLLL 6 1.52 3.54** 
Within RRLL 2 0.03 0.07 
Within RLRL 12 0.28 0.67 
Within RRRL 6 0.42 1.00 
Within RRRR 2 0.03 0.08 
Error 35 0.43 
Experiment mean = 0.726 
Coefficient of variation = 90.31 
*, **, *** refer to significance at the 0.05, O.Ol, and O.OOl probability levels, respectively. 
Table A13. Analysis of variance of plant height genetic diversity values baaed on comparison 
set means (PHGDVI) from the Atomic energy farm in Ames, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.03 0.43 
Comparison 35 0.39 4.75*** 
Among groups 5 1.19 14.33*** 
Within LLLL 2 0.42 5.14* 
Within RLLL 6 0.28 3.47** 
Within RRLL 2 0.39 4.77* 
Within RLRL 12 0.17 2.15* 
Within RRRL 6 0.10 1.32 
Within RRRR 2 0.41 4.98* 
Error 35 0.08 
Experiment mean = 0.772 
Coefficient of variation = 37.40 
*, **, *** refer to significance at the 0.05, O.Ol, and O.OOl probability levels, respectively. 
Table A14. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Kenawha, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 0.00 0.00 
Comparison 35 2.48 1.07 
Among groups 5 5.99 2.59* 
Within LLLL 2 5.61 2.43 
Within RLLL 6 2.29 0.99 
Within RRLLi 2 0.50 0.22 
within RLRL 12 1.06 0.46 
Within RRRL 6 2.57 1.11 
Within RRRR 2 1.31 0.57 
Error 35 2.31 
Experiment mean = 0.503 
Coefficient of variation = 301.36 
*, **, *** refer to significance at the 0.05, O.Ol, and 0.001 probability levels, respectively. 
Table A15. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Ames, IA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 267.62 2.70 
Comparison 35 100.34 1.01 
Among groups 5 17 0.30 1.72 
within LLLL 2 88.27 0.89 
Within RLLL 6 18.28 0.18 
Within RRLL 2 1118.41 11.28*** 
Within RLRL 12 2.92 0.01 
Within RRRL 6 16.91 0.17 
Within RRRR 2 0.43 0.00 
Error 35 99.16 
Experiment mean = 1.21 
Coefficient of variation = -826.23 
*, **, *** refer to significance at the 0.05, O.Ol, and O.OOl probability levels, respectively. 
Table A16. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Ankeny, IA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 237.92 0.77 
Comparison 35 307.22 0.99 
Among groups 5 255.35 0.83 
Within LLLL 2 1.84 0.01 
Within RLLL 6 5.92 0.02 
Within RRLL 2 93.53 0.30 
Within RLRL 12 10.14 0.03 
Within RRRL 6 1521.30 4.92** 
Within RRRR 2 0.01 0.00 
Error 35 309.25 
Experiment mean = 2.47 
Coefficient of variation = 710.582 
*, **, *** refer to significance at the 0.05, 0.01, and O.OOl probability levels, respectively. 
Table A17. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Crawfordsville, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 1.21 1.07 
Comparison 35 7 .20 6.34*** 
Among groups 5 1.94 1.71 
Within LLLL 2 0.79 0.70 
Within RLLL 6 1.68 1.48 
Within RRLL 2 0.76 0.67 
Within RLRL 12 18.58 16.35*** 
Within RRRL 6 1.00 0.88 
Within RRRR 2 0.15 0.13 
Error 35 1.13 
Experiment mean = 0.74 
Coefficient of variation = 144.807 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A18. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Martinsburg, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 6.76 2.56 
Comparison 35 3.65 1.38 
Among groups 5 0.45 0.17 
Within LLLL 2 0.36 0.14 
Within RLLL 6 0.74 0.28 
Within RRLL 2 0.07 0.03 
Within RLRL 12 8.13 3.08** 
Within RRRL 6 3.76 1.42 
Within RRRR 2 0.00 0.00 
Error 35 2.64 
Experiment mean = 0.97 
Coefficient of variation = 168.452 
*, **, *** refer to significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table A19. Analysis of variance of ear height genetic diversity values based on comparison 
set means (EHGDVI) from Atomic Energy Farm, in Ames, lA in 1991 
Source of variation d. f. Mean square F value 
Total 71 
Replication 2 12.15 2,02 
Comparison 35 3.62 0.60 
Among groups 5 5.46 0.91 
within LLLL 2 0.25 0.04 
within RLLL 6 9 .38 1.56 
Within RRLL 2 0.41 0.07 
Within RLRLj 12 0.53 0.09 
Within RRRL 6 2.98 0.49 
Within RRRR 2 8.83 1.47 
Error 35 6.02 
Experiment mean = 0.84 
Coefficient of variation = 291.849 
*, **, *** refer to significance at the 0.05, 0.01, and O.OOl probability levels, respectively. 
Appendix Table 20, Genetic diversity values based on entry means for root lodging, stalk lodging, 
dropped ears, grain moisture at harvest, days to anthesis, and growing degree days 




root stalk dropped grain days to days to 
Genotype comparison lodging lodging ears moisture anthesis anthesis 
lillii® 
B77 X Mol7 vs. B90 X Va26 
LLLL mean = 
T..T.LI. - CP 
Va26 X Mo17 vs. B90 x Mo17 
Va26 X Mo17 vs. B90 X Va26 
LLLL - CP mean = 
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RT..LL 
B89 X Va26 vs. B90 X Mo17 
B7 6 X B88 vs. B90 X Mo17 
RLLL mean = 


















RLLL - CP 
Va97 X Mol7 vs. B88 x Mo17 0.000 1.634 0.310 7.395 1.214 1.214 
B73 X B90 VS. B90 x Mol7 undefined -0.880 7.217 0.802 -5.000 -3.437 
B89 X Mo17 VS. B88 X M0l7 1.696 0.003 -0.753 1.071 0.545 0.467 
Table A20. (continued) 
B73 X MO17 vs. 377 x Mo17 1.980 1.127 
B73 X Mo17 vs. Mo17 x 0h8710 0.898 0.050 
RLLL - CP mean = undefined 0.387 
Overall RLLL mean = undefined 0.269 
RRLL 
B73 X B76 vs. B90 X Va26 18.149 -0.395 
873 X B79 vs. Mo17 x 0h8710 1.135 0.574 
B84 X N28 vs. B77 x Mo17 -6.176 -4.109 
Overall RRLL mean = 4.369 -1.310 
RLRL 
B84 X R177 VS. B89 X Mo 17 0 .427 
B7 3 X MO 17 VS . B7 6 X B88 1 .664 
B7 3 X Va26 vs. B7 6 X Mo 17 -2 .104 
B7 3 X Va26 VS . B89 X Mo 17 0 .263 






RLRL mean = 0.558 0.510 
RLRL - CP 
B7 3 X Mo17 vs. B7 3 X B88 
B7 3 X Mol7 vs. B79 X Mo17 
B7 3 X MO17 vs. B7 3 X 0h8710 
Va97 X Mo 17 VS. B89 x Mo 17 
B7 3 X Va26 vs. B7 3 x Pa87 0 























































































Table A20. (continued) 
B7 3 X Mol7 vs. B7 6 x Moi? 
RLRL - CP mean = 
rlrl - 2cp 
B7 3 X  M017 V S .  B73 X  Mol7 
RLRL - 2CP mean = 







B7 3 X  B89 vs. 
B7 3 X B84 vs. 
B84 X N28 vs. 
B7 6 X B84 vs. 
B76 X  B88 
HlOO X Mo17 
B73 X B88 









RRRL mean = •12.087 0.292 
rrrl - cp 
B76 X  B84 vs. B76 x  B88 
B73 X B84 vs. B7 3 x Pa91 
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0.306 0.631 1.364 1.320 
Table A20. (continued) 
RRRR mean = 
RRRR - CP 
B7 3 X  B84 vs. B84 X  N28 
B7 3 X B84 vs. B7 3 x B7 9 
RRRR - CP mean = 































® LLLL = comparisons between hybrids of Lancaster Sure Crop-type (LSC) parents with no common 
parents ; 
LLLL - CP = comparisons between hybrids of LSC parents with one common parent among the hybrids; 
RLLL - comparisons between hybrids of Reid Yellow Dent (RYD) germplasm by LCS germplasm versus 
hybrids of LCS parents with no common parents among the hybrids; 
RLLL - CP = comparisons between hybrids of RYD germplasm by LCS germplasm versus hybrids of LCS 
parents with one common parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of LSC parents; 
RLRL = comparisons between hybrids of RYD by LSC parents with no common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one common parent; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of RYD by LSC parents with no 
common parents; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids of RYD by LSC parents with one 
common parent; 
RRRR = comparisons between hybrids of RYD parents with no common parents; 
RRRR - CP = comparisons between hybrids of RYD parents with one common parent. 
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paper ii. comparison of rflp-based genetic distance and field-based 
genetic diversity values for a set of public maize hybrids 
94 
abstract 
Two diverse methods for measuring genetic diversity among maize 
hybrids have been proposed in the last decade. One method (GDV) relies on 
field-based observation of the relationship of genetic diversity and 
heterosis for grain yield. This method is calculated according to the 
equation GDV = l - ((H - C) / (H - S)); where H equals the average 
performance of the two hybrids being coinpared, C equals performance of the 
hybrid-by-hybrid cross, and S equals the average performance of the selfed 
hybrids. The second method relies on genetic distances calculated from 
methods based on molecular genetics. The most widely used technique for 
this type is analysis of restriction length polymorphism (RFLP) data. 
Corrç)arisons of these two methods are infrequent in the literature. In 
addition, previous studies have compared primarily proprietary hybrids for 
which pedigree information is unavailable. This study compared genetic 
distances calculated from RFLP data (as measured by Nei's distance) and 
genetic diversity values based on field data for a set of 36 hybrid 
comparisons. Comparison sets were composed of varying levels Reid Yellow 
Dent and Lancaster Sure Crop germplasm, ranging from being completely 
composed of Lancaster Sure Crop lines (LLLL subgroup) to being coirç)osed 
entirely of Reid Yellow Dent lines (RRRR subgroup) with varying levels of 
parentage between the two extremes- In addition, comparison sets had 
varying levels of common parentage, ranging from zero, one, or both parents 
in common. 
Across all comparison sets, GDV s ranged from -0.028 to 1.110, while 
RFLP-based Nei's distances ranged from 0 to 0.433. GDV and RFLP had a 
correlation of 0.80**. For comparisons of conventional hybrids (hybrids of 
Reid Yellow Dent x Lancaster Sure Crop lines compared to one another) GDV 
and RFLP had a correlation of 0.91**. Both methods were capable of 
identifying identical hybrids as having genetic diversity of zero. For 
hybrids sharing a common parent versus those without a common parent, 
results indicate that regardless of genetic background of the parents or 
genetic diversity estimate used, genetic diversity estimates are reduced, 
on the average, by roughly 40% when comparing hybrids with a common parent 
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versus those without a common parent. However, four comparisons involving 
greater than 50% Reid Yellow Dent germplasm and a common parent had GDV s 
which overlapped the range of GDV s not involving a common parent. Reasons 
for these discrepancies are unclear. In contrast, RFLP was able to identify 
these four comparisons as having a common parent. 
Estimates based on GDV in combination with RFLP genetic distances 
could complement one another and partially overcome their individual 
limitations. When examining hybrids for genetic diversity, it seems that an 
initial screening with a relatively large, highly polymorphic set of RFLP 
probes would be the most reasonable starting point. Genetic distances based 
on these data would be able to accurately discriminate among hybrids with 
zero, one, or both parents in common. In addition, these estimates would be 
quicker and less consuming of resources than field data such as GDV. 
Genetic diversity estimates based on GDV would be appropriate if additional 
information regarding diversity of the the hybrids being compared was 
desired. This would be particularly appropriate if information on the 
diversity among hybrids for genes affecting yield was desired. However, 
because the GDV method is resource intensive, researchers will need to 
carefully consider which sets of comparisons should be examined. 
Although Nei's distance and GDV essentially provide the same 
information, researchers would be wise to interpret them in context to one 




Genetic diversity among maize {Zea mays L.) hybrids in the U. S. has 
been a concern since the Southern com leaf blight epiphytotic in 197 0. 
Early estimates relied on survey data of widely used inbred lines. However, 
the reliability of recent surveys of pedigree usage could be particularly 
doubtful since proprietary lines have been reported to be used in 92% of 
U.S. hybrid production (Darrah and Zuber, 1986). Usage of these lines could 
not be reported in surveys. As early as 1981, it was recognized that a more 
precise method of estimating genetic diversity was needed (Duvick, 1981). 
Two major methods of determining genetic diversity have been used 
since 1986; those utilizing biochemical methods, such as isozyme or 
restriction fragment length polymorphisms (RFLP) screening and methods 
based on the genetics of heterosis and inbreeding for grain yield (GDV) as 
suggested by Troyer et al. (1983). Biochemical and/or genetic data can 
provide a more accurate appraisal of genetic diversity, because they permit 
direct comparisons of genotypes (Brown, 197 8; Troyer et al., 1983, 1988; 
Smith, 1988; Lee et al., 1989). In 1987, a federal U.S. court accepted that 
electrophoretic, chromatographic and genetic (GDV) data provided sounder 
evidence of misappropriation and use of a proprietary inbred line of maize 
than did pedigree data (U.S. District Court, 1987). 
Studies have investigated the relation between the two primary 
method for determining genetic diversity. The relation between 
pedigree and GDV, was examined by Smith and Smith (1989) . Ten hybrids 
were compared on the basis Wright's or Malecot's coefficient of 
relation ranging from closely related to virtually unrelated by 
pedigree to GDV. A value of = 0.81 was found between inter-hybrid 
distance calculated from heterosis and pedigree data. An additional 
line of evidence for the accuracy of the GDV method was presented by 
Smith et al. (1987). Using the same hybrids as those used in a study 
by Paskiewicz et al. (1986), the authors concluded that five hybrids 
found to be closely related on the basis of GDV were also the most 
closely related on the basis of isozyme and chromatographic data. 
Smith and Smith (1992) reported studying the interrelationships of 
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several methods for determining genetic diversity among hybrids. They 
concluded that isozymic, RFLP, and the GDV method for measuring 
diversity were highly correlated and were accurate with regard to 
pedigree information from among a set of 10 Pioneer Hi-Bred 
International hybrids. Eighty-two percent of the variation in genetic 
distance based on GDV values was accounted for by genetic distance 
based on RFLP data. 
Previous studies examining the relationship among estimates of 
genetic diversity have been based on proprietary Com belt hybrids. 
Because these hybrids exploit maximum heterosis to be commercially 
successful, they are probably almost exclusively crosses of lines of 
acknowledged 'Reid Yellow Dent' by 'Lancaster Sure Crop' germplasm. 
In addition, because of the proprietary nature of the material, 
results of comparisons of methods among hybrids with common parents 
are diluted because pedigrees cannot be divulged. Therefore, this 
study evaluated the relationships between the two methods of 
determining genetic diversity using a set of maize hybrids composed 
of differing levels of public Reid Yellow Dent and/or Lancaster Sure 
Crop germplasm and common parents. 
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MATERIALS AND METHODS 
An RFLP genotype was determined, for each of the 17 inbred parents 
(Table 1) used to produce genetic diversity value (GOV) comparison sets 
(Table 2). Leaf tissue from six seedlings per line were harvested and 
bulked. The RFLP analysis procedure consisted of DNA isolation (Saghai-
Maroof et al. 1984) and digestion of DNA with the restriction enzymes 
EcoRI or Hindi 11. The DNA was subsequently loaded onto neutral agarose 
gels, electrophoresed, and transferred to nylon membranes according to 
the Southern blot procedure (Southern, 1975). Blots were then treated 
with a prehybridization solution (Helentjaris et al., 1965, 1986). 
Eighty clones were selected from collections of mapped clones provided 
by D. Hoisington (University of Missouri Columbia), B. Burr (Brookhaven 
National Laboratory), and D. Grant (Pioneer Hi-Bred International, 
Inc.). The clones were distributed over the ten chromosomes as listed in 
Table 3. Clones were radiolabelled by random-primer synthesis of 
isolated inserts (Feinerg and Vogelstein, 1983) and hybridized to DNA 
fragments positioned on the nylon membranes (Helentjaris et al., 1986). 
Each unique RFLP pattern at a given clone/enzyme combination was 
considered a variant. 
As a check on the assumptions regarding classification of lines 
into heterotic groups, principle component analysis of the binary data 
matrix of RFLP variant frequencies was performed to permit visualization 
of the dispersion of inbred lines. 
RFLP patterns of the 36 hybrids used in the GDV value comparison 
sets were inferred from the RFLP patterns of their constituent inbred 
parents. Hybrids were coded for the presence or absence of each band 
that was found across the entire set of hybrids. The proportion of bands 
shared by two hybrids (i and j) was calculated as two times the number 
of bands in common for hybrids i and j divided by the number of bands in 
i plus the number of bands in j (Dice 1945) . This method was first 
applied to RFLP data by Nei and Li (1979). However, in the case of the 
current study, no attempt was made to draw inferences regarding the 
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Table 1. Pedigrees and predominant heterotic groupings of 17 inbred 
lines of maize 
Predominant heterotic 























BS6 (RC) C2 LSC 
BSSS(R)C7 RYD 
BSCBl(R) C7 LSC 
N28 X H91 RYD 
187-2 X  C103 LSC 
Stiff Stalk Synthetic RYD 
[{WF9 X Oh40B)S4] X  LSC 
{[L317 X 38-il2)]S4} 
75F-5 X Oh43 LSC 
Snelling Com Borer LSC 
Synthetic 
Oh43 X  K155 LSC 
B73 X  H84 RYD 
^ Pedigree and heterotic group of this line are unknown, although it 
is presumed to be a LSC line. 
^ RYD = Reid Yellow Dent; LCS = Lancaster Sure Crop. 
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Table 2. Genotypes and comparison type, for 36 comparisons between 
maize hybrids 
Genotype comparison Comparison type" 
B77 X M017 VS. B90 X Va26 LLLL 
Va26 X Mol7 vs. B90 X MOl7 
Va26 X M017 vs. B90 x Va26 
1IT.IT.ITJ - CP 
T.T.T.T. - CP 
B89 X Va26 vs. B90 X Mol7 
B76 X B88 vs. B90 x MOl7 
PT.T.T, 
KLLL 
Va97 X Mo 17 VS. B88 X M0l7 
B73 X B90 VS. B90 X M0l7 
B89 X MO17 vs. B88 X Mo17 





B73 X M017 vs. M017 X 0328710 RLLL -
B73 X B76 vs. B90 X Va26 RRLL 
B7 3 X B7 9 vs. M017 X 0h8710 RRLL 
B84 X N28 vs. B77 X Mol7 RRLL 
B84 X R177 VS. B89 X M017 RLRL 
B73 X Mo17 VS. B76 XB88 RLRL 
B73 X Va26 vs. B76 X Mo17 RLRL 
B73 X Va26 VS. B89 X Mol7 RLRL 






B73 X M017 vs. B73 X B88 
B73 X M017 vs. B79 x Mol7 
B73 X M017 vs. B73 X 0h8710 
Va97 X MO 17 vs. B89 X M0l7 
B73 X Va26 vs. B73 X Pa870 
B73 X B88 vs. B76 x B88 
B73X M0l7 vs. B76 X MOl7 
RLRL - CP 
RLRL - CP 
RLRL - CP 
RLRL - CP 
RLRL - CP 
RLRL - CP 
RLRL - CP 
B73 X M0l7 vs. B73 X MOl7 RLRL - 2CP 
B73 X B89 VS. B76 X B88 
B73 X B84 VS. HlOO X Mol7 
B84 X N28 vs. B73 X B88 





B76 X B84 vs. B76 x B88 
B73 X B84 vs. B73 x Pa91 
B73 X M017 vs. B73 X B89 
RRRL - CP 
RRRL - CP 
RRRL - CP 
B73 X B89 vs. B84 x N28 RRRR 
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Table 2. (continued) 
B73 X  B84 vs. B84 X  N28 RKRR - CP 
B73 X  B84 vs. B73 X  B79 KRHR - CP 
^ TiTiTiTi = comparisons between hybrids of Lancaster Sure Crop-type (LSC) 
parents with no common parents; 
LLLL - CP = comparisons between hybrids of LSC parents with one common 
parent among the hybrids ; 
RLLL = comparisons between hybrids of Reid Yellow Dent (RYD) 
germplasm by LCS gemrplasm versus hybrids of LCS parents with 
no common parents among the hybrids; 
ELLL - CP = coirç)arisons between hybrids of RYD germplasm by LCS 
germplasm versus hybrids of LCS parents with one common 
parent among the hybrids; 
RRLL = comparisons between hybrids of RYD parents versus hybrids of 
LSC parents; 
RIiRL = comparisons between hybrids of RYD by LSC parents with no 
common parents; 
RLRL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent ; 
RLRL - 2CP = comparisons between two identical RYD by LSC hybrids ; 
RRRL = comparisons between hybrids of RYD parents versus hybrids of 
RYD by LSC parents with no common parents; 
RRRL - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by LSC parents with one common parent; 
RRRR = comparisons between hybrids of RYD parents with no common 
parents; 
RRRR - CP = comparisons between hybrids of RYD parents with one common 
parent. 
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Table 3. Probe and number of variants resulting from RFLP analysis of 
17 inbred lines of maize 
Restriction No. of 

























































































































































PiolO-0016 HINDIII 6 3 
UMC46 HINDIII 6 5 
BNL5-47 HINDIII 6 3 
DMC38 HINDIII 6 4 
BNL8.32 HINDIII 7 3 
DMCllO HINDIII 7 5 
DMC136 HINDIII 7 2 
UMC35 HINDIII 7 5 
BNL15.40 HINDIII 7 4 
BNL14.07 HINDIII 7 2 
UMC116 HINDIII 7 2 
BNL10.39 HINDIII 8 3 
DMC48 HINDIII 8 9 
UMC89 HINDIII 8 4 
BNL7.08 HINDIII 8 2 
BNL13.05 HINDIII 8 6 
BNL9.44 HINDIII 8 3 
DMC103 HINDIII 8 4 
BNL9.11 HINDIII 8 4 
UMC120 HINDIII 8 2 
BNL3.06 HINDIII 9 8 
DMC153 HINDIII 9 3 
BNL5-10 HINDIII 9 2 
T3MC81 HINDIII 9 4 
DMC95 HINDIII 9 4 
BNL5.09 HINDIII 9 4 
DMC155 HINDIII 10 3 
UMC159 HINDIII 10 3 
Pio6005 ECORI 10 5 
BNL3.04 HINDIII 10 3 
BNL10.31 HINDIII 10 4 
UMC44 HINDIII 10 2 
X3MC119 HINDIII 10 2 
UMC57 HINDIII 10 6 
® Probe abbreviations represent the following sources: "BNL" = 
Brookhaven National Laboratory; "Pio" = Pioneer Hi-Bred 
International, Inc.; and "OMC" = University of Missouri-Columbia. 
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number of restriction sights in common for a locus in hybrids i and j 
because it was not determined if more than one locus was represented by 
the polymorphic bands (Lynch, 1989). Because genetic distance based on 
Nei's distance is a measure of genetic similarity rather than 
dissimilarity (such as GDV values), Nei's genetic distance estimates 
were converted according to the formula; 
GDij = 1 - (2Nij / Ni + Nj) . 
Genetic diversity values for grain yield based on observed 
heterosis were calculated in the previous study. Because values for 
GYGDVI and GYGDVII provided essentially the same information, an average 
of these values was correlated with Nei's distance based on RFLP data to 
determine their correspondence. 
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RESULTS 
principle component analysis confirmed the classification of lines 
in this study into heterotic groups (Figure 1) . The first principle 
component appeared to represent variation among heterotic patterns and 
represented ll% of the total variation among variants. The second 
principle component appeared to represent variation within heterotic 
groups and represented 10% of the total variation among variants. Only 
lines B77 and B79 were appreciably different from the remaining lines in 
their respective heterotic groupings. 
Nei's distances and genetic diversity values for each hybrid 
comparison set are presented in Table 4. Hybrid comparison set values 
ranged from 0 to 0.433 and -0.028 to l.llO for Nei's distance and GDV, 
respectively. Both methods identified the comparison of identical 
hybrids {B73 x Mol7 vs. B7 3 x Mo 17) as being least diverse. Methods 
differed in identifying the most diverse comparison set. Nei's distance 
identified the comparison of B73 x B76 vs. B90 x Va25 as most diverse. 
However, genetic diversity values identified B73 x B89 vs. B76 x BBS as 
most diverse. Across all comparison sets, Nei's distance and GDV had a 
Sprearman's coefficient of rank correlation (Steel and Torrie, 1980) of 
0,75** (data not shown). Within comparison types, both Nei's distances 
and GDV would be expected to be reduced by 50% when comparing subgroups 
involving common parents to their counterparts without common parents. 
Within the LLLL, RLLl., KLBL, RKEJIj, and REKR conï>arison types, Nei's 
distances were reduced by an average of 45%, 43%, 54%, 36%, and 31%, 
respectively, when comparing averages of subgroups with and without 
common parents. Corresponding values for GDV were 48%, 60%, 61%, 21%, 
and -13%. 
Figure 2 illustrates graphically the relationship between Nei's 
distance and GDV. Nei's distances and GDV for con^arison sets had a 
simple correlation of 0.80, which was significant at the 0.05 
probability level. Values for the conç>arison of identical hybrids (B73 x 
Mol7 vs. B73 X Mol7) agreed closely as previously noted. Similarly, 

































Figure 1. Plot of the first two principle components from the simple 
correlation matrix computed from the inbred variant frequencies. 
Bold and underlined text represent lines categorized as being from 
the Reid Yellow Dent heterotic group; Plain text represent lines 
categorized as being from the Lancaster Sure Crop heterotic group. 
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Table 4. Genotypes, comparison, type, Nei's distance, and GYGDV for 
comparisons between 3 6 pairs of maize hybrids 




B77 X Moi? vs. BSO X Va26 ZiIiLXi 0.402 0.954 
Va26 X Hoi? VS. B90 X H017 ZiZiIiZi " CP 





B89 X Vai2S VS. B9 0 X M017 







Va97 X Hol7 VS. B88 x HOl7 RIiXiIi - CP 
B73 X B90 VS. B90 X M0l7 RLLri " CP 
B89 X Mol? VS. B88 X Hol7 BTiTiti - CP 
B73 X Hol7 VS. B77 X Hol7 EIiLIi " CP 











B73 X B76 VS. B90 X Va25 
B73 X B79 VS. Hol7 X Oh8710 










B84 X R177 vs. B89 X H017 SXSZi 0.382 0.842 
B73 X Mol7 VB . B7 6 X B88 RZAZi 0.370 0.878 
B73 X Va2 6 vs. B7 6 X Mol7 RZSJi 0.363 0.740 
B73 X Va2S vs. B89 X H0l7 KXJUi 0.348 0.7 56 
B73 X Hol7 vs. B84 X R177 Biatr, 0.331 0.7 54 
B73 X Mol7 VS. B7 3 X B88 EliRZi " CP 
B73 X Hol7 VS. B7 9 X Hoi? RliRIi " CP 
B73 X Mol7 vs. B73 x 0h8710 RIiRIi - CP 
Va97 X Hol7 VS. B89 x M0l7 RliRIj " CP 
B73 X Va2 6 vs. B7 3 X Pa87 0 RUElIi " CP 
B73 X B88 VS. B76 X B88 RIRI, " CP 















B73 X Mol7 VS. B73 X 12017 mSRXi 2CP 0 . 0 0 0  - 0 . 0 2 8  
B73 X B89 VS. B7 6 X B88 
B73 X B84 VS. HlOO X MOl? 
B84 X M28 VS. B73 X B88 













B76 X B84 VS. B76 X B88 
B73 X B84 VS. B73 X Pa91 
B73 X Mol7 VS. B7 3 X B89 
EERIi - CP 
EERIi - CP 
ESRIi - CP 
0.302 
0.231 




B73 X B89 VS. B84 X M28 KSRR 0.336 0.849 
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RSEH - CP 





"• IiZiIiL = comparxBone between hybride of Iianoaeter Surecrop-type (L8C) 
parents with no common parents; 
ZiIiLIi - CP = comparisons between hybrids of L8C parents with one conmon 
parent among the lybrids; 
BJiTili = cos^arisons between tybrids of Reid Yellow Dent iRYD) 
gerz^plasm by IiCS germplasm versus hybrids of IiCS parents with 
no common parents among the hybrids; 
RIiLL - CP = comparisons between hybrids of Reid Yellow Dent (BYD) 
germplasm by LCS germplasm versus hybrids of DCS parents 
with one common parent among the l^brids; 
RRIiZi = comparisons between hybrids of RYD parents versus l^brids of 
IiSC parents; 
RliRIi = comparisons between hybrids of RYD by IiSC parents with no 
common parents; 
RUIL - CP = comparisons between hybrids of RYD by LSC parents with one 
common parent; 
RXiRli - 2CP = con^arisons between two identical RYD by IiSC hybrids; 
RRRZi = comparisons between l%rbrids of RYD parents versus l^brids of 
RYD by liSC parents with no common parents ; 
RRRIi - CP = comparisons between hybrids of RYD parents versus hybrids 
of RYD by IISC parents with one common parent; 
RRRR = comparisons between hybrids of RYD parents with no common 
parents; 
RR5R - CP = comparisons between hybrids of RYD parents with one common 
parent. 
^ Genetic distance based on QD = 1"- +Nj) where Mij refers to 
the number of bands in common between two hybrids, Nj. refers to the 
number of bands in hybrid 1, and Nj refers to the number of bands in 
hybrid 2. 
Figure 2. Ralationehip of gsnetio diotcmca among hybrid comparieon oets based on ITei'e distanoe 
calculated from RPLP data vex'sue thooe based on genetic diversity values based on grain 
yield. Symbols represent the LLLL subgroup ( • ), RLLL subgroup ( O ) , RRLL subgroup 
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The range of Nei's distance values for comparisons of hybrids with no 
parents in common was 23.5% of the total range of observed Nei's 
distances. The range of GDVs for comparisons of hybrids with no parents 
in common was 32.5% of the total range of observed GDVs. The restricted 
proportion of the total range of both measures contributed to relatively 
clear separation of comparisons of hybrids without a common parent from 
others in the study. 
In contrast, the relationship among estimates of genetic distances 
between sets of hybrids sharing a common parent varied greatly. The 
relationship of Nei's distances and GDV for comparisons involving a 
common parent is illustrated in figure 3. The range of Nei's distance 
values for these comparisons was 35.6% of the total range of observed 
Nei's distances. The range of GDVs for these comparisons was 84.2% of 
the total range of observed GDVs. It seemed, therefore, that the two 
measures of diversity were not closely associated for comparisons 
involving a common parent. 
The greatly increased proportion of total range of GDVs accounted 
for by comparisons of hybrids with a common parent versus those without 
a common parent was due, primarily, to four comparisons with similar 
values. Genetic diversity values for these four comparisons were greater 
than for the remaining comparisons involving a common parent. Each of 
these comparisons contained at least 75% Reid lines. Examination of 
Nei's distances for these four comparisons revealed more modest 
increases versus the remaining comparisons. 
Figura 3. Relationohip of genetic diotance among hybrid oomparieon oeto baaed on ITei'o diotanco 
calculated from RFLP data vereuo those based on genetic diversity values for grain 
yield when comparioon oeto ohare a common parent. Symbole repreoent the LLI.L 
ovibgroup ( • ) , RLIiL subgroup ( <> ), RLRL subgroup { X ), RRRL subgroup ( âi ) , and RRRP. 




























0.1 0.2 0.3 0.4 
g e n e t i c  
1— 
0.5 0.6 0.7 









Principle component analysis was able to differentiate among 
heterotic groups based on the second principle coniponent, but it seemed 
that at least as much variation existed within heterotic groups as 
among heterotic groups for this set of lines {Figure l). These results 
support the conclusions of Godshalk et al. (1990), who suggested that 
significant genetic variation existed within the heterotic groups as 
represented by the lines used in their study. The current study had 
many lines in common with the Godshalk et al. (1990) study. One of 
these lines, B77, differed appreciably from the remaining lines in its 
assigned heterotic grouping (Reid Yellow Dent) in both studies. 
Similarly, Melchinger et al. (1991) determined that lines B77 and B7 9 
were positioned intermediately between main clusters of Reid Yellow 
Dent and Lancaster Sure Crop gerraplasm. The lines B77 and B79 were 
developed from populations BSll and BSIO, respectively. These 
populations were selected for use in reciprocal recurrent selection 
based on prolificacy rather than heterotic groupings of their parents. 
Thus, although considerable variation was expected within groups, 
principle component analysis based on RFLP variant frequencies seemed 
to be an acceptable method for assigning groups of inbred lines to 
heterotic groups. 
The methods for comparing hybrids generally agreed despite some 
discrepancy in the rankings of coinparison sets. The simple correlation 
of GDV and Nei's distance based on RFLP data was 0.80** (Figure 2) 
which agrees with the correlation of 0.90** reported by Smith and Smith 
(1992). The Smith and Smith study (1992) used proprietary hybrids that 
were probably, for purposes of this study, Reid Yellow Dent by 
Lancaster Sure Crop-type hybrids. In this experiment, the correlation 
of Nei's distance with GDV estimates of RLRL coirç)arisons was 0.91** 
(data not shown) . Thus, it seems that for conventional hybrid types 
genetic distances based on both methods agreed very well- with the 
addition of atypical hybrid comparisons, such as those found in this 
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Study, the agreement of Nei's distance and GDV deteriorates (Figure 2 
and Tahle 4) . 
Researchers do not know whether the hybrids have both, one, or 
no parents in common when comparing hybrids of unknown pedigree, such 
as commercial and/or proprietary hybrids. Even if it is known that the 
two hybrids being compared have one or no parents in common, pedigree 
relationships among all the constituent inbred lines are unknown. 
Although this e^qperiment examined only one case of identical hybrids, 
both methods were capable of identifying identical hybrids as having 
genetic diversity of essentially zero. Previous studies have not 
reported this relationship. Regarding comparisons of hybrids sharing a 
common parent versus those without a common parent, results of this 
study indicate that regardless of genetic background of the parents or 
genetic diversity estimate used, genetic diversity estimates are 
reduced by roughly 40% when comparing hybrids with a common parent 
versus those without a common parent. According to theory for both 
methods, an average reduction of 50% in diversity values would occur 
when comparing a group of comparison sets that involved a common parent 
versus those without a common parent. However, in comparisons of 
hybrids with common parents it is unlikely that either method could 
identify the non-recurrent parents of the comparison sets as being 
coirçîletely unrelated. Therefore, researchers should expect a reduction 
of somewhat less than 50% in both Nei's distances and GDV when 
comparing average values of groups of comparisons involving a common 
parent versus those without a common parent. 
It may not be possible, however, to classify comparisons into 
those involving or not involving common parents when comparing 
proprietary hybrids . When individual comparison set values are 
examined, considerable discrepancies between Nei's distance and GDV can 
exist. This is particularly true when comparing hybrids sharing a 
common parent (Figure 3) . Nei's distances were reasonably able to 
distinguish among comparisons with zero, one, or both parents in 
common. There was no overlap in Nei's distances for comparisons of 
these groups (compare Figures 2 and 3). In contrast, GDV estimates 
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varied considerably. Overlap of GDV estimates for comparisons involving 
common parents versus those without common parents occurred in greater 
than 11% (4 in 35) of the total comparisons (compare Figures 2 and 3). 
The possibility of larger variation of GDV for coitçjarisons 
involving a common parent was suggested by Troyer et al. (1988). The 
authors suggested that deviations from a GDV of 0.50 were due to 
specific combining ability of the non-reçurent parents. That is, if 
hybrid (A x B) were compared with hybrid (B x C) , deviations from a GDV 
of 0.50 would be due to the specific combining ability of non-reçurent 
parents, A x C. However, the authors were unclear regarding the 
measurement of specific combining ability. The present study did not 
include enough single crosses of non-recurrent parents to use Fi grain 
yield performance as a standard for specific combining ability. 
Researchers have presented evidence that genetic distances based on 
RFLP data were positively related to specific combining ability and/or 
Fi grain yield (Lee et al., 1989; Smith and Smith, 1990; Melchinger et 
al., 1990). In this study, correlations of Nei's distances between non­
recurrent parents of comparison sets involving a common parent and GDV 
were significant but low (0.47*, data not shown) . Thus, it appears that 
specific combining ability of non-recurrent parents, as suggested by 
Troyer et al. (1988), may not be a complete explanation for deviations 
from a GDV value near 0.50 for comparisons of hybrids with a common 
parent. 
Deviations in the relationship of Nei's distances and GDV for 
comparisons involving a common parent were due largely to four 
coitçiarisons involving greater than 75% Reid lines (Figures 2 and 3 and 
Table 4). Although Nei's distance values were generally consistent with 
pedigree information, GDVs were higher than expected. Three possible 
explanations exist for these extreme GDV values. First, the extreme 
values could be due to experimental error. Second, because of the small 
number of comparisons, these data may not accurately reflect GDV for 
these groups because of small sangle size. The third possibility is 
that these GDV reflect more diversity, as measured by grain yield 
heterosis, in the Reid Yellow Dent germplasm versus the Lancaster Sure 
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Crop gentplasm used in these comparison sets. It is also likely that 
all three of these explanations contributed, in part, to the extreme 
values. 
It is acknowledged by maize breeders that the Reid Yellow Dent 
heterotic group is more diverse than the Lancaster Sure Crop heterotic 
group. Prior to the development of hybrid maize, Reid Yellow Dent was 
the most widely grown open-pollinated variety (Hughes et al, 1929) . 
Undoubtedly, numerous strains of Reid Yellow Dent were developed, each 
selected for performance for the area in which it was grown. As a 
result, it is likely that sub-strains of Reid Yellow Dent possess 
unique alleles that can enhance productivity. The breadth of Reid 
Yellow Dent germplasm is evidenced by the fact that considerable 
heterosis can be obtained in hybrids of inbred lines derived from BSSS, 
a very successful Reid Yellow Dent-based synthetic composed of lines 
from numerous sub-strains (Hallauer, et al., 1988). In contrast, a 
recent study of the Lancaster Sure Crop gem^lasm suggested that the 
modem Lancaster Sure Crop heterotic group is based primarily on only 
two lines (Gerdes and Tracy, 1993). without regard to the extent of 
genetic diversity within the Reid Yellow Dent and Lancaster Sure Crop 
heterotic groups, the usefulness of the Reid Yellow Dent by Lancaster 
Sure Crop heterotic pattern was acknowledged shortly after the 
introduction of hybrid maize (Darrah and Zuber, 1986; Hallauer, 1990). 
During the era of double-cross hybrid use, the inclusion of one 
Lancaster Sure Crop line as a parent with three Reid Yellow lines was 
enough to positively influence performance of hybrids (Jenkins, 1936, 
197 8) . Based on these observations, double-crosses with RRRR and RRRL 
genetic background would likely have better performance than those 
hybrids without these backgrounds. Therefore it seems GDV may be 
inflated by high grain yields of hybrid x hybrid crosses in the RRRR 
and RRRL comparison sets. 
Regardless of the breadth of diversity in the Reid Yellow Dent 
and Lancaster Sure Crop heterotic groups, it seems that GDV may provide 
additional information on the diversity of hybrids based on genes 
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It seems that GDV and Nei's distances provide similar information 
regarding genetic diversity. This is particularly true when crosses of 
acknowledged Reid Yellow Dent by Lancaster Sure Crop are compared. This 
conclusion was also drawn by Smith and Smith (1992) . The agreement 
between Nei's distance and GDV are seemingly reduced by inclusion of 
comparisons of hybrids with more (or less) diverse parentage than 
standard RLRL hybrids. This was particularly evident among comparison 
sets of hybrids composed of ^75% Reid Yellow Dent germplasm that also 
shared a common parent. Because only several such comparisons were 
included in this study, results are inconclusive as to whether these 
results are due to experimental error (which are substantial with 
respect to GDV), anomalies due to a fixed set of comparisons, or real 
diversity in the Reid Yellow Dent and Lancaster Sure Crop heterotic 
groups, or a combination of all three. 
Because such deviations may occur, it would be useful if 
researchers had a protocol for estimating genetic diversity among 
hybrids. At the time of the creation of the GDV equation, pedigree and 
morphological information were the more widely used methods for 
establishing diversity. Use of isozymes and/or zein chromatographic data 
was a significant improvement over pedigree data (Smith et al., 1985; 
Smith, 1986; Smith and Smith, 1987). However, the limited number of 
isozyme loci that it was possible to examine was a major limitation of 
this method. This limitation, coupled with the monetary investment for 
establishing an isozyme laboratory precluded many researchers from using 
this technology. With the advent of restriction fragment length 
polymorphism technology, it became clear that an almost unlimited number 
of RFLP loci exist (Helentjaris et. al., 1985). Owing to the increased 
utility of RFLP technology, researchers apparently were more willing to 
incur the monetary expense of establishing RFLP laboratories. Thus, use 
of RFLP technology has become the most widely used biochemical technique 
in maize breeding research. Although it is widely acknowledged that use 
of RFLP data is a viable option for establishing genetic diversity among 
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maize cultivars, this technique suffers from a significant limitation. 
Although many RFLP loci are mapped, the location of these loci relative 
to those affecting the trait of most interest, grain yield, are unknown. 
More broadly, it provides no comparison of genotype versus phenotype of 
the cultivars being compared. In contrast, field methods such as GDV 
which do measure diversity for grain yield are resource consuming and 
often sub]ect to large experimental error. Estimates based on GDV in 
combination with RFLP genetic distances could complement one another and 
partially overcome their combined limitations. 
When examining hybrids for genetic diversity, it appears that an 
initial screening with a relatively large, highly polymorphic set of 
RFLP probes would be the most reasonable starting point. Genetic 
distances based on these data would be able to accurately discriminate 
among hybrids with zero, one, or both parents in common. In addition, 
these estimates would be quicker and less consuming of resources than 
field data such as GDV. Although not included in the current study, zein 
chromatography, if available, could provide additional information, 
particularly with regard to similarities in female parentage {Smith et 
al., 1987). 
Genetic diversity estimates based on GDV would be appropriate if 
additional information regarding diversity of the the hybrids being 
compared was desired. Genetic diversity value estimates can provide 
visual evidence of differences among hybrids that may not be apparent 
with distances based on RFLP data. Considerable replication of sets of 
hybrids being compared would be required. Experiments utilizing 42 
replications have been reported (Smith and Smith, 1992). The current 
experiment included 14 replications. However, acceptable GDV s have been 
acquired using as few as nine replications (Troyer et al., 1988). Even 
with a minimum of replications, this method is resource intensive and 
researchers will need to carefully consider which sets of comparisons 
should be examined. 
Once obtained, GDVs should be interpreted with care. Although it 
is evident that GDV s can identify hybrids with zero or two parents in 
common, considerable variation of GDV values occur when a common parent 
121 
is present between the hybrids being compared. Reasons for this 
variation are unclear. The variation does not appear to be due entirely 
to genetic distance of the non-common parents based on Nei's distance. 
Nor does it appear to be based on pedigree relationships. Therefore, it 
seems that researchers would be wise to rely more heavily on RFLP-based 
genetic distance when a common parent shared between hybrids is 
suspected. This is particularly pertinent because some commercial hybrid 
companies still rely heavily on identical foundation lines. Use of both 
RFLP based genetic distances and GDV would be able to further 
discriminate among these hybrids. 
Although Nei's distance and GDV essentially provide the same 
information, researchers would be wise to interpret them in context to 
one another when using these methods to determine genetic diversity 
between maize hybrids. 
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APPENDIX 
Table Al. Nei's distances among 17 inbred lines of maize. 
B7 3 B7 6 877 B79 B84 B88 B89 B90 HlOO M0l7 N28 0h8710 Pa91 Pa870 R177 Va26 
B7 6 0.40 
B77 0.48 0.50 
B79 0.53 0.58 0.49 
B84 0.37 0.49 0.51 0.58 
B88 0.60 0.61 0.55 0.56 0.64 
B89 0.35 0.50 0.51 0.54 0.42 0.60 
B90 0.51 0.54 0.53 0.56 0.60 0.43 0.57 
HlOO 0.49 0.62 0.57 0.47 0.54 0.57 0.52 0.60 
Mo 17 0.57 0.55 0.51 0.54 0.57 0.53 0.51 0.47 0.52 
N28 0.55 0.63 0.59 0.58 0.51 0.58 0.49 0.64 0.29 0.49 
0h8710 0.52 0.48 0.50 0.57 0.63 0.49 0.55 0.51 0.50 0.47 0.49 
Pa91 0.62 0.63 0.54 0.56 0.59 0.68 0.57 0.61 0.54 0.49 0.60 0.50 
Pa87 0 0.54 0.56 0.52 0.55 0.58 0.61 0.50 0.54 0.52 0.48 0.54 0.49 0 .45 
R177 0.55 0.59 0.51 0.42 0.54 0.55 0.60 0.54 0.53 0.51 0.53 0.52 0 .48 0 .40 
Va26 0.58 0.55 0.50 0.57 0.60 0.59 0.54 0.55 0.63 0.56 0.60 0.51 0 .49 0 .40 0 .46 
Va97 0.28 0.38 0.53 0.56 0.46 0.58 0.43 0.58 0.48 0.49 0.44 0.45 0 .54 0 .52 0 .52 0.56 
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GENERAL CONCLUSIONS 
Tîie Southern corn leaf blight epidemic of 197 0 made researchers aware 
of the need for accurate methods to determine genetic diversity among maize 
hybrids. At the present time, no method seems to be ideal. Diversity 
estimates based on restriction length polymorphisms (RFLPs) do not allow 
for field-based visual differentiation among hybrids, do not provide a 
direct estimate of the error of diversity value, and do not accurately 
survey genes affecting the trait of most importance, grain yield. In 
contrast, field-based methods such as genetic diversity values (GDVs) 
(Troyer, et al., 1983) are resource-intensive, are subject to considerable 
error, and do not survey the entire maize genome. 
The objectives of section I were to examine the response of genetic 
diversity equation predictions for several traits when comparing sets of 
hybrids composed of varying levels of Reid Yellow Dent and Lancaster Sure 
Crop germplasm and common parentage. Two methods for calculating GDV are 
available. One relies on means of comparison sets while the other is based 
on entry means. Genetic diversity values for grain yield based on 
comparison set means has an advantage over those calculated on the basis of 
treatment means in that the GDVs can be analyzed statistically, thus 
providing an estimate of comparison by environment interaction and 
experimental error. Calculation of GDVs by this method requires 
considerable replication (Troyer, et al., 1988) to obtain acceptable 
precision. Errors associated with this method are high. However, with 
greater replication, GDVs for grain yield seem to be accurate and stable 
across environments. 
Estimates of precision or stability across environments are not 
available when GDVs are calculated on the basis of entry means (Smith and 
Smith, 1992). However, this method produces fewer values which fall outside 
the theoretical range of GD values (zero to one). Because both methods for 
determining GDVs based on grain yield can be calculated from the same 
experiments, researchers would benefit from examining values based both on 
cott^arison set means and on entry means. These two methods produce 
virtually the same values for grain yield but were uncorrelated for 
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remaining traits examined. Troyer et al. (1988) also reported that grain 
yield was the only trait for which these methods provide reasonable values. 
Both methods generally distinguish among hybrids with 0, 1, or both 
parents in common across all genetic backgrounds. Comparisons of identical 
hybrids by both methods produce GDVs of essentially zero. When averages of 
comparisons among hybrids with a common parent are compared with averages 
of comparisons among hybrids without a common parent, GDVs are reduced by 
approximately 45%. Considerable variation, however, can occur in GDVs for 
comparisons including a common parent. This is particularly true when 
comparisons of hybrids involve more than 50% Reid Yellow Dent germplasm. 
Reasons for this variation are unclear, although one possible explanation 
is that these deviations result from greater genetic diversity within the 
Reid Yellow Dent germplasm compared with the Lancaster Sure Crop germplasm 
used in this study. 
The objectives of Section II were to examine the relationship of GDV 
and RFLP-based genetic distance as measured by Nei's distance. It seems 
that the combined use of of these methods could overcome their individual 
weaknesses. Both GDV and RFLP provide essentially the same information for 
corrçjarisons of hybrids of Reid Yellow Dent x Lancaster Sure Crop germplasm 
(Smith and Smith, 1992) . Based on this study, it seems that this conclusion 
also holds when hybrids being compared are of more diverse parentage. 
Correlation of values from the two methods was r = 0.80**. In addition, 
both methods seem to be able to identify identical hybrids as having no 
genetic diversity. Similarly, both methods can identify hybrids having no 
parents in common regardless of genetic background. For GDV, values for 
comparisons of hybrids without a common parent range from roughly 0.70 to 
1.15. For RFLP, values for comparisons of hybrids without a common parent 
range from roughly 0.30 to 0.45. 
Significant deviations between these two methods can occur when 
comparisons involve greater than 50% Reid Yellow Dent material and a common 
parent. Hybrid comparisons for these groups measured by GDV may overlap the 
ranges for comparisons not involving a common parent. However, RFLP is able 
to identify these comparisons as having a common parent. 
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It seems that an initial screening with a relatively large, highly 
polymorphic set of RFLP probes would be the most reasonable starting point 
when examining hybrids of unknown pedigrees for genetic diversity. Genetic 
distances based on these data would be able to accurately discriminate 
among hybrids with zero, one, or both parents in common. In addition, these 
estimates would be quicker and perhaps less consuming of resources than 
field data-based techniques such as GDV. Genetic diversity estimates based 
on GDV would be appropriate if additional information regarding diversity 
of the the hybrids being compared was desired. Genetic diversity value 
estimates can provide visual evidence of differences among hybrids that may 
not be evident with distances based on RFLP data. However, even with a 
minimum of replications, this method is resource intensive and researchers 
will need to carefully consider which sets of comparisons should be 
examined. Although Nei's distance and GDV essentially provide the same 
information, researchers would be wise to interpret them in context to one 
another when using these methods to determine genetic diversity between 
maize hybrids. 
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